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PREFACE. 


• 

When I had completed my treatise on Saturn and its 
System^ I formed the design i)f preparing a separate 
treatise on each of the planets Mars and Juptter, and 
then another and larger treatise on the Sun. Circum- 
stances, which it is needless to parficularize, prevented 
nj^ from carrying out this design at that time, 
and * indeed threatened to withdraw my attention 
altogether from scientific pursuits. That my plans, 
though delayed, have not been lost sight of during the 
last four years, is evidenced by the appearance of many 
papers of mine on Mars, Jupiter, and the Sun, m 
several quarterly, monthly, and weekly journals. These, 
if collected, would of themselves suffice to form volumes 
of no inconsiderable dimensions on these several orbs ; 
while my ^ Other Worlds than Ours^ presents a sort 
of summary of my researches on these and other 
astronomical subjects. But it is only quite recently 
that I have been able to resume my original design. 

The delay has not been -v^^ithout its advantages, how- 
ever. A work on the Sun has at the present time a 
far greater interest than it would have had four years 
since ; while I have been able to obtain a much wider 
and more complete view of the subject than I should 
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proliably hav« thought necessary had I completed the 
work at that time. 

My primary object in the present volume has been 
to furnish a full account of the remarkable discoveries 
which have been effected by observers of the Sun, 
whether by means of the telescope, the spectroscope, 
polariscopie analysis, or photography. It will Ije seen 
.that Chapters IV., YT, and VI., in which I deal with 
these discoveries, together constitute 'more than one 
half of the main text. In these chapters the labours 
of the Herschels, Schwabe, Carrington, Secchi, De k 
Rue, Stewart, and others in examining the solar 
surface ; the later observations of Huggins, Zdllner, 
Respighi, Secchi, Lockyer, Young, and others in the 
study of the profhinences and chromosphere ; and the 
observations which have been made during the past two 
centuries on the phenomena presented hj the solar 
coron^ have been dealt with at considerable length. 

Rrltit^seemed desirable that aseparate and complete 
explanation should be given of all those matters which 
specially appertain to the application of spectroscopic 
analysis to the study of solar physics. Without an 
aosount of these matters, many of the most interesting 
discoveries made in recent .times would , b^; almost un- 
intelligible, and it did not seem fitting to refer the 
general reader to the valuable but costly wor^s of 
Roscoe and Schellen. Further, I think such a mode of 
treating spectroscopic analysis as I have adopted in 
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Chapter III. of this work, more llkeljj^ to he of use 
to the reader than a fuller hut less simple account. 
In one*^ respect, indeed. Chapter III. presents what is 
wanting in every treatise on the analysis which I have 
hitherto seen : the patter in'"pp. 128>-1£K) exhibits what 
really happens when the light frCTin the object studied 
is sent through a battery of j)risms. In Chapter III. 
I give an account of the principles of Brownii^Lg’s auto- 
matic spectroscippe, and exhibit a plan of my own h5^ 
which this principle may he extended so as to include 
a second battery. I think that in future applications 
of Spectroscopic analysis, the plan illustrated at p. 139 
is likely to be found of considerable utility. 

Another large section of the hook is devoted to the 
question of the Sun’s distance. In^Xhaptcr I. will be 
found a very full account (the fulleat popular accoHixt 
yet puhlisli^d, I believe) of the researches which have 
been made up to the present time into this subject : 
while in Appendix A the transits of 1874 dhd 1882 
(already attracting much notice) are dealt with at 
length, and the best moans for observing them elFcctively 
are fully considered. The subject is one "to which I 
have given much attention- In constructing the pic- 
tures from which Plates IX. sChd X. have been reduced 
(by photolithography), every circumstance of the transit 
of 18 74 was taken most carefully into account; and I 
think that I may safely say of these views, the four 
which accompanied them in Yol. XXIX. of the ^ Astro- 
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nomical Society’s I^otices,’ and Plate Till., that they 
are far the most accurate graphic representations that 
have yet b^en made of this 45r any other transit/ The 
views on pp. 446, 447, though small, illustrate the 
transit of 1882 ,more accurately than any views yet 
made, so far as I kncfw. 

The note on pp. 443^-445 serves to indicate the 
circumstances under which my investigation of the 
transits of 1874 and 1882 led me to indicate my dissent 
from the views wliiclT the Astronomer Eoyal had pro- 
pounded on the same subject. It was not easy — or 
rather it was not possible — for me to exhibit my resftlts 
without pointing out how and why they differed from 
Professor Airy’s, which had been for so many years 
before the public*. The accuracy of my results has 
nc«(r been estabhshed, and has indeed never been 
doubted. The only question which remains at issue is 
whether^I was right or wrong in regarding the correc- 
tions as important. While expressing my own un- 
changed -jonviction that the corrections are of vital 
importance, I am quite content to let others decide 
whether thfe conviction is well or ill-founded. 

In Chapter II. a detailed account is given of the 
>Sun’s influence as ruler over the system of planets. 
Many of the relations here dealt with are novel and 
I think interesting. In the last three chapters" I 
deal mth the Sun’s physical condition, his position as 
fire, life, and Hght of the solar system, and his place 


FREFACE. 


XI 


that "in Chapter VIII. I have presented reasons for 
considering that the most important work science has 
to accomplish is to show hmv the Sun’s actipn can he 
more fully utilized than it is at present, so that before 
the Earth’s stores o£ force are exhausted" (as they must 
some day be), resources which can never be exhausted 
— because unceasingly restored — may be rendered 
available. ^ 

The treatment of the subject of eclipses in Appendix 
B is novel. Tt seemed to me that there was room for 
a^more thorough explanation of the general laws on 
whidh the recurrence of eclipses depends, than finds 
place in our text-books of astronomy* — the authors of 

* In this connection, it is necessary for me to note that I have had 
occasion to claim in fig. 8, p. 21, and foot-not^pp. 25, 26, a drawing 
•which appears at p, 185 of Mr. Lockyor^ Elementary Lessons 
Astronomy. Tliis drawing, and other matter which ho has paid mo the 
compliment of epQiploying in his useful little book, may bo of small im- 
portance, and it would bo absurd to suppose that in a text-book no 
materials should thus be borrowed. But it has boon convenient to mo 
here — and may be convenient again — to make use of my own work ; and 
I would rather not appear to borrow (at least without proper acknow- 
ledgment) from Mr. Lockyor. This fooling seems so natural, that it 
has been with surprise I have found Mr. Lockyer objects to it. In 
a letter to Messrs. Macmillan, /or mo, he has (jxprossed a somewhat 
angry satisfaction that though he has borrowed in the same work 
and way from many others, no one has remarked upon it but myself. 
(A mistake, however.) My remarks we??o sufficiently gentle, and all I 
asked was thaA * by associating my> name with my own results (some of 
which had only been obtained after much labour) ho would place it in 
my power to employ those results.' Bor, else, I should seem to be acting 
unfairly towards him, by using his work without that acknowledgment 
which justice and courtesy alike require in suchj casos. I certainly 
had no thought of angering him, and it has boon with sincere regret 
that, since then, I have seen his anger lending him to say and do many 
things which I am sure ho ‘will regrot in the cooler after-years. 
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wMcli have bgeu content for many years to folio., each 
other, as respects this matter, along a somewhat un- 
satisfactory track. ^ 

It only remains for me to point out that in some of the 
notes I deal .vx* matters Wd employ methods of treat- 
ment which would nSt he suitable for the main text, 
ihe general reader can o>t these notes altogether, as 
they are mot necessary for the elucidation of the subject 
and have only been introduced for the benefit of those 
more advanced studdhts of astronomy whemight desire 
to see certain points more thorougUy dealt with than 

they could be in the body of a popular treatise likeHh: 
present. 


Londoit ; Decernher l 


Richard A. Proctor. 
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INTRODUCTION. 

It 'WOULD BE DIFFICULT to foon an idea of tlie 
length of time during which the phenomena of day and,, 
night, and of the varying seasons, transpired without 
at tooting men’s attention to the ^fb whlcli governH^ 
l 30 th the day and the year. That the science now called 
Astronomy had its origin in the consideration of the 
Sun’s apparent motions we can scarcely doubt. Clear 
indications remain, indeed, that the earliest ofForts of 
men to determine the motions of the celestial XoclkS? 
were directed to the great centre and ruler of the 
planetary scheme. But when those efforts were first 
made, what were the first conceptions of astronomers 
as to the nature of the solar motions, and how, in the 
process of time, those conceptions assumed the form 
described in the earliest records of astronomical re- 
search, we probably shall never know. 

Nor, so far as my purpose in these pages is con- 
cerned, is it of any great importance that the truth in 
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these iTfiatte^s should be ascertained. It would doubt- 
less form an interesting subject of study to trace the 
first prog3:ess of men as j^hey endeavoured to elucidate 
the secrets of the Treavens. Even what we know of 
the early res^%rches of Astronomers is full of interest, 
and not wanting innnstruction. *Tlieir failures as well 
as their successes teach us a useful lesson of patience 
and of perseverance.^ TChe confidence with Mich at 
times they insisted on adopting erroneous theories may 
serve to teach us a J.essonof modesty and caution. And 
the gradual process by which observation^ and thought- 
ful reasoning upon observation, led men to the succesjg- 
ful solution of so many noble problems, is as full of 
interest to the thoughtful student as the most spirit- 
stirring scenes of history. But where, as in the present 
^instance, it is tlf^ object of the writer to exhibit the 
clearest possible picture of what is, it may be gravely 
questioned whether it is wise to present t|je full history 
of a series of researches which proceeded often on 
erroneous hypotheses. It is sufficiently difficult to con- 
inrihe compass of a single volume clear and accu- 
rate conceptions of a wide astronomical subject ; and th e 
task is rendered much more difficult where the history 
of false or imperfect theories is mixed up with the 
account of recognised truths. 

But there is yet another*reason for nof^ undertaking 
to give in this work a history of the progress by which 
men attained their present conceptions respecting the 
Sun, nor even attempting the far easier task of showing 
how, by a series of simple observations, the position ol‘ 
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the Sun in the solar system^ and especia]ly with re- 
ference tqi our Earth, might have been ascertained. 
The fact is, that such an undertaking would differ but 
little from an attempt to combine a complete history of 
astronomy — or at the^least a complete discussion of all 
known astronomical relations — with^that special discus- 
sion of the Sun’s nature and condition which forms the 
essentiaP object of this treatise.^ For there is not a 
single chapter of a treatise on general astronomy which ^ 
is not more or fess associated witlj the relations pre- 
sented by the Sun; and it may even be said that there 
is*not a single subject dealt with by astronomers which 
does not owe its chief interest to such an association* 

Therefore I find myself ‘ compelled to forego that 
mode of treating my subject which had seemed the 
best when I was dealing with the planet Saturn. One 
can, without prolixity, discuss the gradual progress of® 
research by v^iich the relations presented by a single 
planet have been, or might be, ascertained. But 
a preliminary research of this sort would require, in 
the case of the Sun, a volume — and no small (u^e — 
itself. 

The course I propose, therefore, to adopt is as 
follows : — I shall pass over all that portion of the his- 
tory of astronomy which relates t# the determination of 
the Sun’s ccirtral position ih the system he governs. 

I shall give no account of the methods by which the 
nature of the Sun’s diurnal motions were, determined, 
.nor shall I show how from tl^is knowledge, combined 
with the gradual survey of the terrestrial globe and 
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the recognition of the Sun’s apparent annual progress 
around the sidereal heavens, the ancients recognised 
the fact that either the S.11D travels yearly around the 
Earth, and is carried also daily round with the heavens, 
or else that thjs Earth oh which we live speeds yearly 
around the Sun, fotating daily on her axis. The 
observations on the planets by which the true inter- 
pretation of these apparent motions of the "’Sun was 
* eventually obtained must also remain undiscussed. 

We are to begii^then, by regarding the Sun as the 
recognised centre of the solar system^ ruler over a 
scheme of worlds, on which he pours forth abundant 
supplies of heat and light. 

So legarding the Sun, we shall first be led to incjuirc 
into the distance of the great luminary, in order that 
^we may deternfiae^ his real dimensions. The funda- 
mental problem of astronomy— the determination of 
tire Sun's distance— a problem which h^ at the pre- 
sent time a special interest on account of those ap- 
proaching transits of Yenus from the observation of 
«!^iohr '’astronomers hope to obtain new and better 
measures— will therefore form the subject of the open- 
ing chapter of this work. This chapter will naturally 
include the consideration of the Sun’s dimensions, and 
of the scale of the sols,r system generally. 

Then, next, the questidh of the Sun’© mass, and of 
the influences which he exerts by reason of his mass, 
will come to be considered. We shall measure the 
might of the giant which rules the. whole family of 
planets, and consider the limits of his domain. We 
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shall iiKiiiirct ^vh^l^ motions it is in liis to ('ontrol 

lit this or that (listaiK^e, ami so (lotin'miiu* tho limits 

• * 

of liis powor to ^'ather frosl) materials fV<»ni inif (lu* 
surroun(lin<»; spa<‘(*s, eitlnn' in such sort as to reeruit 
his own mass, or us to i‘nlarf»;c the maovctof n*latlv<‘ly 
minute hodies whi<’h <*irele <‘ontiniinIly, wo know, 
around him. 

Tlum \v(*. shall proe.eed to disejiss what llu^ spectro- 
scope has taught, respeetinpr the mutual matorials \vhi(‘h - 
eonstitute the ^sun s suhstaue<% p[iu*in|;^ this in<|uirv 
before those (diapters which deal with tht^ tideseopic* 
lu^pect of the Suifs surface, the pnyniiiunices, and tlie 
corona, in onhu* tiuit there iniiy he no hrcak in the 
narrative in pussin<j^ from the era of unai<h‘d tolescopic^ 
research to tlu*- recent mu of mixed t,(d(‘seopi<% s[H‘c- 
troseopu% phi>togniphie, and pohirisa/tpic ohsiu’vatiiuu 
In other words, an account of the principleH of Hpectrt}^?' 
scopic reseaiidi, includhifi; so mueh of th<^ history of 
spcctroscopie analysis ns is suflicient to inaki^ tite. 
subject (diuir (and therefore n(au*ssurily imdudin^ an 
account of tin* Sutfs general structure as iudi<*jiUcd hjt 
the solar sp(H*trum), will preciale the namitivc of that 
long scries of rt^senrehes wlfudt commenced with the 
discovory of the solar spots. The (duipter <m spectro- 
scopic, analysis will close with uai c‘xplannti<ui tlnnc 
special nio<le!k of spectrostfopit* research whicdi havt* 
seemjed urilntelligihle, ur rather in<*redlhlc, many, 
but yet depend on principles of exceeding Himplicity* 

Then will follow chapters tlcHcrihing the diHeuveries 
which hav<» been made hy aid of the telcHcope—arid Its 
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allies the spectroscope, the polariscope, and photo- 
graphy— respecting the aspect and general condition of 
le un s, photosphere, % coloured prominences, the 
corona, and so on. The physical condition of the Sun 
the amount and probabld source 0/ his heat, and other 
like questions, will mext be dealt with. And, finally, 
we s all consider the system of suns, and the position 
which our Sun holds mAhat system, so far a§ the re- 
'searches yet made by astronomers en5ible us to deal 
with this noblest of^all, subjects of study. 

Thus we have before us a sufficiently Vide range of 
research. Our progress will lead us to consider some 
0 e most successful attempts yet made by • man 
to resolve the mysteries of the universe. We shall 

speculataon-witffwmucb that may be explained by the 

obtained ;-but 

continue for many years, altogether perplexing. We 
_ »ve,uu fine, to deal with a subject which is full of 
«t^eresf,^ but whose real grandeur and significance, as 

to he 







CHAPTER [. 




TUB SUN'S UISTANCIS AND "DIMENSIONS. 

'She beteumination of the Sun’s distance is not 
only an important problem of general astronomy, but, 
so far as the subject of this treatise is concerned, it 
may be regarded as the very foundation of all our 
researches. For until we know the -Sun’s distance we 
can determine neither his bulk nor his weight; ancf 
our views ewin as to his physical condition will be 
found to depend in an important degree on the estimate 
we form respecting those two elements. A minute 
error in the solution of the problems on which tlui 
determination of the Sun’s distance depends would not * 
only result in adding or withdrawing hundreds of 
millions of cubic miles from the Sun’s volume, and 
many multiples of the Earth’s anass from his weight, 
hxit our con'beptions of tlte size of solar spots, the 
height of the coloured prominences, the velocity of 
solar currents and cyclones, and many other such 
matters, would be rendered proportionately erroneous. 

It is, therefore, of the utmost importance that we 
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should have accurate views respecting the modes of 
research by which the Sun’s distance has been estimated, 
and that we should know the probable limits'bf error 
in the reWting determinations. The subject has a 
Special interest at the present time, because propara- 
fions are even 'now Jieing made for the application, in 
the winter of 1874, of one of the most effective methods 
^t the disposal of astronomers for the solutioR of this 
^most noble problem.* ' 

Let us consider the general nature^of the prohl ein , 
in order that we may the better appreciate its difficul- 
ties. Many are disposed to wonder that astronomers 
should not long since have mastered what seems to be 
an almost elementary problem of the science; and it 
has appeared as a blot on the fair fame of astronomy th at 
errors and differ^ces of millions of miles should have 
followed the attempt to solve this particular problem. 
Then, too, when the resulting errors in the determina- 
tion of the distances of the outer planets,"‘aud the still 
larpr errors in the determination of the distances at 
^ich^e fixed stars lie from us, are considered, the 
. in^y is suggested, ‘ Where is the boasted accuracy 
of the most exact of the sciences ? ’ We shall sec as 
we proceed that the great wonder is, not that the 
estimates made by astronomers should differ, but that 
even the vaguest ide^ should have been formed re- 
specting the Sun’s distance. The problem, as presented 
in Its simphdty (the simplicity of perfect difficulty). 
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seems at first sight one that no human ingenuity could 
avail to solve. 

In fi^.*l let s represent the Sun, and e ry the 
orbit of the Earth. Then on the scale of the figure, a 
dot meant to represent the Earth should have dimen- 
sions so minute that It would be aifogctlier invisible to 
the naked eye. The line representing the Earth’s path 
is broad'^enough to obliterate more than a hundred such 
dots placed side by side across its width. Now, it is thcj^ 
inhabitants of the globe represented by this tiny dot, 


Fig. 1. 
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who have to measure the distance separating tljc inai^:’ 
cessiblc globe S from e f/ e." The globe on winch 
they live is continually rotating on its axis, it is sweep- 
ing onward with inconceivable velocity on the path 
E e' f/', yet from this rotating, onward-rushing, and 
relatively mmute orb, the ^^bsoryations are to be made 
by means of which the vast distance of 8 has to be 
determined. Still considering fig. 1, let us, in yet 
another way, picture to ourselves the nature of the 
problem to be dealt with. 
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Suppose Ae Earth on the orbit e e' e" to be re- 
presented by a globe one inch in diameter.* Then the 
Sun at s^would be represented by a globe 9*' feet in 
diameter, and his distance from the orbit e e'^' by no 
less than 320 yards. Let anyone who has noticed the 
300 yards’ range in^rifle shooting'’consider how minute 
a disc one inch in diameter would appear at that dis- 
tance, and he will at crace recognise how difficult a 
problem the astronomer has to solve in determining the 
Sun s distance ; for that minute and Scarcely percep- 
tible disc subtends \he very angle on ^vhose exact 
measurement the. solution of this problem depends. 
But even when any one has pictured to himself the 
difficulty of determining the exact angle subtended by 
an inch disc at that distance, and how easily the angle 
might be over-estimated or under-estimated by a con- 
saderable fraction pfits real value,— even then he will 
not have realised the actual difficulty of the problem. 
Let him reverse the illustration, and picture the difficulty 
of determining by observations made from points within 
t|^ mcfr disc the distance of a station 320 yards off. 
Yet even then he will have underrated the difficulty of 
the actual problem astronomers have to solve. He 
must suppose the two sets of observations to be’ made 
by different observers, at different seasons, in different 

weather, with different instruments; thair each set of 


* _It 19 ooaveBien* to lememtei that a hrome halfpenny is exaci 
0?^°^ representation of a great Sir, 

considering, can be convenient 
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tservatioxis has to be corrected for a wholly different 
series of conditions; that each observer’s station is 
shifted continuously by two distinct form^ of mo- 
tion, which must both be taken into account (involving 
a careful reference to the question of time) before any 
satisfactory use can. be made of ths observed results. 

Such, in a general sense, is the nature of the problem 
astronofliers have to deal witlft The conditions of the 
problem are not of their fixing ; all tliey can do is to«^ 
face as resolutely and skilfully as they can the difficul- 
ties which the"' problem presents to them. They have 
^ne this so well that the history of the problem has 
become to tbe thoughtful student of science as interest- 
ing as a romance. But they do not pretend to have 
secured a greater amount of accuracy than the nature 
of the problem and the means at th^^ir disposal render 
possible. Let this be distinctly understood beforehand? 
— Absolute (wcnracy in the solution of this problem is 
simply out of the question. 

And now let us consider how the problem is to be 
attacked. In reality no less than six metho^js havp 
been successfully applied; but there is only one 
method which is strictly geometrical in its nature, 
and this method must be the first to engage our atten- 
tion. ^ 

In determhiing the distaTice of an inaccessible object, 
the geometer first measures a base-line, and then 
observes the bearing of the object from either end of 
that line. lie thus has the means of determining the 
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distance of -jjjae object ■with an exactness pro 2 )ortion{il 
to the accuracy of his observations. 

Suppose, for example, tjje object is at o (fig.' 2), and 
that the observer measures the base-line a b and ob- 
serves the beatings b o ahd a o. Then, if he has done 
this accurately, he can draw a picture, as in the figure, 
accurately representing his observations, and he can 
measure either a o or b ^ in this picture, and,T 3 y com- 
f)aring these measurements with the length of a n in 
his picture, he can ^ell what relation the actual dis- 
tances A 0 or B 0 bear to the actual base-line a 15 . 

PtG. 2. 


Thus, if his base-line a b is 800 feet long,^o that each 
of the divisions in the figure represents a length of 100 
feet, then if B o be found to contain fifteen of these 
division^, he will know that o is 1,500 feet from B. 
Usually, however, instead of merely drawing a figure 
(a process in which errors may creep in through the 
imperfection of rulers, compasses, and so on), the sur- 
veyor would apply trigonometrical calculation to deter- 
mine B o or A b as accurately as his observations per- 
mitted. 

But now, if fflther his base-line or Lis bearings be 
wrongly determined, it is clear the distances A o or B o 
will be wrongly estimated from them. The effect of a 
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wrong measurement of the base-line is to^ obvious to 
need special discussion: clearly the error of B o or a o 
will be precisely proportionaj to the error of^A B. But 
the error resulting from wrong estimates of the hearings^ 
requires to he attentively coitsidered. 

Suppose the bearing A o wrongly observed, and 
placed as a 1 or a 2. Then if the bearing B 0 be 
correctly observed, the resulting error will be o 1 or 
O 2 respectively. On the other hand, if the bearing; 
A 0 be correctly observed but B^o misplaced as B 3 
or B 4, the efror will be o 3 or o 4 respectively. If 
l^he bearings a o and a o be both misplaced outside, 
or bbth inside, the true direction of O, the place of the 
point 0 will be calculated as if at 5 or 6 revSpectively. 
And, finally, if the bearings are misplaced in diflferent 
ways — that is, one inside o and the ;)^hor outside — the 
point o will be calculated as if at 7 or 8, respcetivel}^. 

Now, under favourable conditions, a skilful observer, 
though he must needs make some error in cstiinating 
his bearings (for no instruments can be absolutely per- 
fect), would yet bring the estimated ])oint Folativcly 
very near to O ; in other words, though he might set it 
at a point out of place in the same way as any of the 
points 1, 2, 3, ... 8, the area of error corresponding to 
the area 5 7 6 8 would bo sr^all compared with the 
area A o b. ^ < 

But now suppose that instead of such a triangle 
as A 0 li, our observer has to deal with a triangle 
shaped like a 0 h in the next figure— an ill-con^ 
dltioTied triangle^ to use an expression of Sir JTolm 
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Herschel s. is at once seen that a very small error 
in either of his bearings vill set the observer far wrong 
in his est^ate of the distance of o. Suppose he has 
rightly determined the position of a o, but has the 
bearing h o' o" in plade of the true bearing h o. He 

fT 

Pig. 3. 

€L 

has the large error q o' or o o", instead of the relatively 
small error 0 4 or o 3 in the case pictured in fig. 2. 

Jfow, the first important astronomical problem in dis^ 
tanee-measuring— a problem infinitely less difficult than 
that of determining the Sun’s distance— involves this 

very diflSculty to a degree far greater than is indi- 
<^ted in fig. 3. *1 refer to the measurement of the 
Stoen’s distance. 

If B (fig. 4) represent the Earth, the Moon would be 
placed somewhat as at m, and- if it were possible to 
make use of two observatories situated as at a and h 
at.oppo^te extremities of a diameter of the Earth, the 



Pig. 4r. 



actual difference of bearing the Moon .^ould be re- 
presented by the smaU angle a m b. As a matter 
of fact, however, even this small angle has to be' re- 
duced considerably, because from a or 5, the Moon 
would be on the horizon, and the estimate of her posi- 
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tion rcndorod inusatisfactoiy by iitinoKphevic rolVao.tion. 
The angle a M 1/ is about a degnic uiul a (luarter, and 
it alHircts a very satis{at“t(>iy4d((a<iftheskill vith which 
ancient siatrononiera einiiloyed their relatively incIFectivc 
inatniinental moans, that their estituate^uf the Moon’s 
distance ditlbrcd froui the truth hj* only a fitti(dh part. 
Modern astronomy has ho completely mastered the i)ro- 
blem ofMeterminiiig the Moori’H^diHtaiieeithat the esti- 
mate now adojited e,an Hcarccly c.'cceed or fall short of* 
the truth by so huich as twenty nyles, or less than a 
ten-thousamlt»i part of the whole. 

But ■when the method thus shown to be available 
in the case of tlic Moon is apjdied to tlic Sun, it is 
found to bo absolutely iiiefFective. I'ho nicest obser- 
vation faihs to show any mcasurahlc differeneo in the 
Suti's position according as ho is vissvved from one or 
another part of the Earth’s surface. It is true that then? 
« a ditferenqs niid imh'tal a differcuee which is large 
compared with some ([uantilicH which astronomers arc 
in the luibit of dealing with; hut as a means of esti- 
mating the. Sun’s distant;e, this <lire(d’ refin’cnce to what 
is called parallactic <lisplae(!m(nit may bc! regarded 
as wholly ineffective. 

Other metbods, then, must be adopted. I proceed 
to consider two methods whiciv, suggested tbetnselves 
to ancient aslronomera. II is intereMting to <'onsider 
even those attempts wbicb have failed; for they show 
the real difficulty of the prohlem ,we are engaged 
upon, 

It occurred to Aristareliiw of Samos (who flourished 
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some t-wenty centuries ago) that the illumination of 
the Moon by the Sun affords a means of estimating the 
Sun’s distance. 

If m M' M (fg. 5) represent the Moon’s path about the 
Earth E, and §„be the place of tl^e Sun, we know that 
the Moon is half fall when near m. But clearly 
it is not when the Moon has reached the point M, such 
that m: E m is a rigl^t angle, that she is exactly half 
ffuU, but when she is at the point m', such that e m' S is 
a right angle. If, then, we can only determine the arc 
m m', or find out how soon after new moon the Moon 
appears exactly half full, we can tell in what proportion 



the dist^ce of the Sun exceeds the Moon’s distance ; 
for in that case we have the angle M.' E s as well as 
the light angle at M', and thus the shape of the tri- 
angle, e'm's is assigned, and with it the proportion 
of E 8 to ® which is what we require. 

^et M pause to notice the ingenuity of this method, 
pie pomt to be determined is, in reality, the distance 
.between M and if,, or4he angle M e m', which is the 
same as the ai^le at^ s. In other words, instead of 
estimatingthe ^gle winch the Earth’s radius subtends 
^ ^ from 6^ this plan requires that we should 
determine the angle which the Moon’s distance suh- 
tepds as seen from s;^a much easier ptohlera, first. 
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because the latter angle is 60 times as ^eat as the 
former, ai^ secondly, because the necessary observa- 
tions can be made at one terrestrial station^ • 

Ingenious as the plan was, however, it was totally 
inadequate to meet Jhe real ‘(but as yet unlcnowii) 
difficulty of the problem. Aristarchus estimated the 
Sun's distance ic s at nineteen times the Moon’s, or 
(roughly} at a twentieth of its trye value. 

However, we ^should perhaps regard the estimate *’ 
by Aristarchus^ as corresponding to<those modern esti- 
mates of certain stellar distances, regarding which 
asjtronomcrs only say that they do not fall short of a 
Fio. c. 



certain value, without claiming to know how far they 
may exceed it. 


The next plan of attack was devised by nii)par- 
chus. . % 

Let M (fig, 6) represent the Moon just enteiing the 
shadow of the Earth ic, s being the Sun. It is clear 
that if the Sun were just as large as the Earth, the 
shadow’s width m w! would be cScactly equal to the 
Earth’s diameter. If the Sun were less than the Earth, 
the shadow at rn m' woidd l)e wider than this ; and if 
the Sun were greater than the Earth, the shadow at 
m m' would be narrower than the Earth’s diameter. 
Hipparchus reasoned that if m m' is known, then by 


0 
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combining this measure ■with our kno'wledge of the 
Moon s distfCace and the Sun’s apparent diameter, 
can determine the Sun’s distance.'*^ ^ 

This method, like the former, ■was exceedingly in- 
genious, because it promised to enable a single obser^ver, 
by merely tiimeig the duration of a lunar eclipse, to 
sol^ve a problem ■which, attacked directly, requires ^ 
■very delicate observations, made at stations very far 
apart. c 

Again, however, the as yet unkno'wn vastness of the 
Sun s distance foiled the ingenuity of astronomers. 

We now know that the plan just described is utterly 
inadequate ; and we can readily understand hqw 
was that Hipparchus and Ptolemy (who followed him 
in applying the method) arrived at a measure of the 
Sun’s distance which lay no nearer to the truth than 
the detenninationhqade by Aristarchus of Samos. 

Thus it came to pass that until the time of Tycho 
Brahe the received estimate of the Sun’s-distance was 
no greater than five millions of miles ; nor is it too 
much to say that the methods applied by Aristarchus 
and HSppaj^chus might equally well have given any 
result whatever, from a million miles to infinity. In 
other words, the limits of error by these methods, and 
with the means available to ancient astronomers, 
actually exceed the quantity to be determined. 

We come now, however,"' to the methods belonging 

O O 


* detei^e at once the angle included hetwee 
It IS easilj seen that the amgle subtended by the Sun’< 
exceeds this aaagle hy t^ce the Sun’s horizontal paralto 


e mQA\d.^m' ; 
semi-diameter 
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to modern astronomy. Before dealing i-ith them it 
will be convenient to indicate the ■ (inantity which- 
instead 8f the distance-is the direct object of the 
researches to be described. Of course the distance is 
what astronomers really require; but this distance is 
determined (at least as far as direct surveying methods 
are concerned) by the measurement of the an«-le 
between alines directed towardi the Sun’s centre from 
different parts of the Earth. Eor convenience, one of the ’ 

7 . c 



points is taken to be at the Earth’s centre as n (fa. 7) 
Now if E S' represent a line directed from e towards 
the Sun’s centre, « s" a line directed to the Sun from a 
point e on the Earth’s surface, so plflced that e a" is an ^ 
honzon-line (that is, s<piarc to e cl, tlien tlic an.vle 
between the liiies k s' and c .s"ia called the Sun’s hoH- 
zontal parallaa:* and this is the (piantity which 
astronomers act themselves to determine in the first 
place. Of course, the distance of the Sun bocomSs 
known so soon as this angle is determined; and 




referred to tlm i ft nicxl hy iiHtvomnm^rH m\ always 

Lf ^ bo uaifful to romiml tlio reader 
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t^oughout #;lie remainder of this chapter, besides 
mentioning the parallax deduced by each rpethod, I 
shall always mention the Qorresponding distancL 

Six several methods have been devised, each at least 
as ingenious a\ the methods of ii^-istarchus and Hip- 
parchus, and each requiring an exactness of observa- 
tion which would have seemed to the old astronomers 
altogether hopeless of ^tfainment. 

• The first two methods to be described are inti- 
niately associated wj,th Kepler’s laws of the planetary 
distances. 

So long as no known law associated the distances oif 
the planets from the Sun, it did not seem advisable to 


attempt to measure the distance of any planet fron 
the Earth as a preliminary to determining the Sun’s 
distance; for fifijther observations were required ir 
trder to determine *what relation the latter distance 
bore to the former. But so soon as Kapler proved 
that the distances and periods of the planets are as- 
sociated by a simple law, it seemed a promising course 
to^atta^fk-instead of the Sun-some planet which 
approaches ns within a less distance. 

Let us consider, for example, the case of the planet 
Mars, m order that we may judge how much is to be 

Jn we 

are stall followmg the actu^al order of events, for the 
first determination of the Sun’s distance by modern 
^tronomers, and with modem instrumental means,‘was 
ouuded on observations made upon the Planet of War. 

In % 8, the orbits of Mars (m) and the Earth (e) 
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about the Sun (s) are accurately laid down, —the line s Y 
representing a fixed line from which astronomers 
measur§ the motions of the, planets around ;the Sun.* 
Now, it is seen at once that when near >l, Mars is 
much nearer to the Earth’s path than, the Sun is ; so 
that when the Earth and Mars Sire in conjunction in 
this neighbourhood, it becomes an easier problem to 
determiftc the distance of Mifrs^than that of the Sun. 


Fio. 8. 



lo put the matter simply, tlie Xllarth at E looks' larger 
as seen from M than as seen from s ; and to say she 
looks larger is the same as saying that she subtends a 
greater visual angle ; and tlie visual angle she subtends 
from Mars precisely measures tile disi)lacement which 
Mars will show as scon from different i)art8 of the Earth. 

Supposing Mars thus favourably situated, and that 
two observers, one at E and the other at v/ (fig, 9), 

* This lino is only introiluood to explain the uusynimetrical aspect of 
the two paths ; to show, iu fact, that these arc intontionally eccentric, 
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ih^e ^ -lostial 

^ouTr./ ^ <if me.snr.d accurotely, 

“ *t once g,ye the actual diaplacemeut of Mara 
^rrespon^g to the «,anoe E, tt' bCeon tl,e ob- 

to to s. yet in reality the celestial .phere on wliich 

.as infiiiitely far off so that m ^ regarded 

as^estLated therefore the arc m m', 

though It were estimated from My-or, in otlm- 
t^^ords, this arc measnrp. +1.^ i ' 

fore L .. I and there- 

equal angle eme/ Thns we learn at once 



we'drffl'lb ' d-T'* toitthe boso-Unc ek' 

^ e-.. 

» alt 4.“.” f 

™r ,e „ah. tori'^ftelTJa 

the distance^f T” oi 

the"" Wns" ZVleZ'l M 

mea«ire mw' „ accurately as omn^ '“possible tc 

Ke problem „„ld beomle .Tl ' 

to measure the Sun's fttauc, ITmlw “tsa 
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But the presence of stars upon the celestial vault, and 
the cerhahity which the astronomer possesses that these 
stars are at a distance incomparably exceeding that of 
Mars, make the measurement of this arc, m m' feasible. 
The stars servo as iiMcx-points. J^ii fig? <) for example, 
a star is supposed to be placed at s; now while it 
would be hopeless for an astronomer to attempt to 
determine the direction of either line K m or e' m' in 
space, without reference to any star, it is quite easy to* 
measure the ai-cs ni s and m' s witlf a very considerable 
degree of accuracy, and so to determine the difference 
m ni'n* 

And here one point in which the modern possesses 
an enormous advantage over the ancient astronomer, 
lies in the fact that siiaccs on the heavens which are 
blank, so far as naked eye visio»i''is concerned, ar<5,_ 
shown by the powers of the tcles(;opc to be occupied 
by multitudes of minute stars, — and the minutest star 
serves quite as well as a large star for such observa- 
tions as we are here considering. So that the astrono- 
mer need be under no anxiety lest Mars, dunng-the 
period when he is ncarqst to us, should approach no 

* Here I have suppof^ed m, and w' to lie all on the wamo are, which 
of eourao would not ordinarily be the eaKO, It ia (uiHily muni, however, 
that it fall« quite within l.h<‘ hcojk^ and hejc^ing of ordinary HHlronomical 
observation, to nfeasure not only t^o dintanci'is but the boarinf^s of m 
and n* from s, and ho,— -two widoH and an included angb' of the triangle 
8 m. 7^* being determined, —to determine tins third Hidt' m m', I may 
notice hero in paHHing that <juito a large proportion of the details in- 
volved in the variouH proccHHCH applicKl to the prohhmi considered in 
this chapter are ms'essarily letl untouehed, or are barely mentioned. 

A volume much larger than the present, would be required to exhibit 
these details in full and in all their bearings. 
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sto near enough to render the required measurements 
efiective, , 

So soon as the distance of Mars has been calculated 
t e distance of the Sun can be determined by the 
application of Kepler’s .third laiv. There is a pre- 
liminary proems depending on the circumstance that 
SE and SM are not the mean distances of the Earth 
and Mars ; but this prqpess is perfectly simple, since 
^observation has showit what is the true figure of each 
Thus Keplers third law by showing us the 
exact relation betw'een the mean distances, shows us 
the exact relation between s M and se ; and therefore 
between e m and s e. , “ 

The plan here described was the first from which 
^tronomers obtained any satisfactory estimate of the 
Suns enomous, distance. Kepler, after a careful 
^tu y 0 Tycho ^ahe’s observations of Mars, had 
already confidently stated that the Sun’s parallax is 
not greater than V (or in other words that the Sun’s 
istance is not less than 13i millions of miles). But 
ycho ^rahe’s observations were such as we should 
now^ call altogether rough. Cassini proposed^ and 
carried out a much more exaci series of observations. 
■RiVT, ^ the Paris Academy of Sciences sent 

and •? while Cassini himself, Edmer, 

The nT'lt <i*ff®rent French stations. 

Te ini r . — d, for 

cient 

Teedef 25^T 

te means employed ought to have 
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exhibited its effects. A parallax of 25" ip the case of 
Mars (situated as when Cassini’s observations were 
made) Corresponds to a solar^parallax of 10"^ Cassini 
expiessed his conviction tliat the solar parallax is not 
greater than 9"- 5— in other words, that the Sun’s 
distance is not less than 85,500,000 miles. 

The next application of this method involved the 
comparison of observations made by Lacaille at the 
Cape of Good Hope and by several astronomers at. 
different Europ'ean stations. The parallax deduced 
was 10", corresponding to a distance of 82,000,000 
miles. 

I ^lall presently have occasion to mention other and 
much more trustworthy results ol)tained by this method 
in recent times.* 1 or the present, however, I pass on 
to other methods. 

The path of Venus lies even hcai-cr to the earth’s> 
orbit than that of Mars does. Fig. 10 represents the 

It might Room thfit uh jVtiirs coiuoh into oppoHitiou iit iiitutvals 
avoniging ivbout 780 thiys, tho motliod could lio froiiuoutly, uud 

so the rOHults duo to it could bo rapidly hnpruvi'd upon. matter 

of fact, howovor, only thoHo obHorvations mado whoa Mars in in opposi- 
tion near periholioii aro of service. llg. 8 , it. will bo soon that 

favourable opportunitios do not occur at short intervals. Tho figure 
shows the succuhsHive conjunction-lint'S of tlu^ Marth iiud Mars between 
the years 18t)G and 1871. It is Kt*cn that only tho coiy'unctions of 
1860 and 1862 aro favouralde, and tkm rot so m^ar as they should bo 
to perihelion. (Tiic wide distances"Separating conjunction-lines in this 
neighbourhood as compared with tho o])poHit<s aro duo to tho relatively 
rapid ^motion of Mars near perihelion.) The opposition of 1877 will 
be oxcoptionally favourable, as tho conjimction-lino will fall nearly 
midway betwoon tlioso of 1860 and 1862. It is necessary for mo to re- 
mark that fig. 8 is copied from a drawing of my own, illustrating a paper 
in the SoicucG Itevlcus for January 1 80 7 » Mr. Lockyer has copied 
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relation between tbe orbits B e and v u of the eartli 
and Venus; as before representing the- l^ne from 
which astffonomers measure the motions of the planets 
round the Sun. It will^ be seen by comparing fig. 8 
with fig. 10 that when the Earth /ind Venus are in con- 
junction as at E an5 T, the distance separating them 
bears a smaller proportion to the Earth’s mean distance 
from the Sun, than tha/, separating the Earth a^nd Mars 


Fra 10. 



when in conjunction. But then there is a circumstance 
m which Venus is less farourable for the purpose of 
astfonomers, than Mars, men the Earth and Mars 
are in conjunction as at E and M, fig. 8, the sun is oix 
Ae op^te side of the earth, and so Mars is seen on a. 
dark sky; but when Venus and the Earth are in con- 


tbiB diamag. with additioas derired from my charts ''of rt « i * 
ori«te,aipaga 185 of his MmmtaTv UssoJ ^ planctary 
of coarse malm no objcctioa whatev^ t TcLIf ^ 

rapied. (Wj as he has , omitted to’ refer 

debarred from aaiag my owe ^ <irawmg3 to me, I ara. 

remark applies to the figure at p 
to certain considerable portions of the letter^ 
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junction, as in fig. 10, Yenus lies direct! towards the 
Sun, an^,even though 'visible (in powerful telescopes), 
yet is seen under very unfavourable conditiens. The 
background of the sky is bright, and none but the chief 
stars can bo discerned, unless the telescope is very 
large and powerful, in which case it is not so well 
adapted as a more manageable one would he, for the 
class of observations required.* JEven the leading stars 
are but feiutly seen ; and as Yenus may not lie neaf*. 
any of them, the kind of measurement which was avail- 
able in the case of Mars becomes too precarious for the 
purpose of determining any parallactic disi)lacement of 
the planet. 

Hence the direet observation of Yenus, when near- 
est to us, after the manner a))plied to Mars, is not a 
very valuable method of determining the Sun’s dis- 
tance. It may yet be ai)plicd successfully (according^ 
to the plan proposed in 1848 by Dr. Gcrling of Mar- 
burg) ; but even if it should, the method now to bo 
considered is preferable. 

When Venus and the Earth are in conjanc!iinn,^he 
is not commonly on a direct lino between the Earth and 
the Sun. She would be so, if the path v v' v lay in the 
same level with the path n f/ c ; but this is not the 
case. If we su^jposc the path K*i3' a to lie in the plane 
of the paper, then the path V v' v' must be supposed to 
intei;gect that plane in the line v' y' the half of v V v' 
lying slightly below the jylano of the paper, and the 
half v'u v' slightly above, the short lines near v and t> 
showing the greatest amount of separation between tire 
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two planes on account of this tilt. Hence^ unless the 
conjunction happen to take place when V enus is at v' 
or Venus will not be^ on a direct line joining the 
Earth and the Sun. But when Venus is within a cer- 
tain distance -of these two points,* — the nodes of her 


It IS easy to calculate how near Yenus must bo to a node in order 
that she may be -visible on the Sun’s disc. The extreme limits will be 
those co^esponding to the case^hen the disc of Venus as sbon from all 
the Earth save one point oiSly, lies outside the Sun’s disc, but as seen 
Irom that one point just touches the disc on the outside, further, on 
account of the ellipticity of the two orbits, the exact extent of those limits 
wi e 1 erent for conjunctions occurring when Venus is at V and at i;'. 
1 0 estimate these limits strictly, the exact values of the distances of 
enus an t e Earth from the Sun when in longitudes corresponding M 
an ^ s e may be taken from th.Q Eciuticcd Alm.a?i(ic, and combined with 
the estimated diameter of Veaus. The formula to be xiscd ai-o sufd- 
cien y simp e, and irill occur at once to the mathematical reader, — or 
may be deduced from my paper on the transit of Venus in the Monthly 
polices of the Astronomical Society for March 1869 (vol, rxix.). But 
tor our present purposa such eiactitude is not needed. It may ho well, 
^owever, to determine in I general iray the limits in question ; for vvhich 
purpose nnay assume that no transit need be considered in which the 
me joining the centres of Venus and the Earth does rot meet the Sun. 

aimarA t- ^ greater geocentric latitude than the Sun’s 

apparent semi-dmmeter. Now the distance of Venus from tho Earth, and 

C JooJ! “ to tJte Earth’s distance from the 

(whfthwP o 1.000. So ttat when her apparent latitude is equal to 16' 

0 16' * ®“”’® ®®'“‘-‘^iameter)her heliocentric latitude is 

r° 24' JllT-l ’ “-f “Cltoationof her orbit being 

of a noflfi flf easily calculated that she must be within about 

fay let 1 “■^junction, in order that a transit 

Csun’lS T’ 1 ~rj“^=tion, wUl be projected on 

part of the wlinl« trmsits can occur, is about 6f°, or a Sddi 

mamnei ot conjunctions was considered. ^ ® 
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orbit, as they are called,— she will he so nearly on the 
line joining the Earth and the Sun, that as seen from 
the Earth she will appear on .the Sun’s disc. . 

Now when a conjunction of this sort takes place, the 
observation of Venus’^ apparent place is rendered much 
easier, since the disc of the Sun forms a sort of index- 
plate, as it were, on which we can estimate her position. 
So- that if Venus’s distance is to^be determined at all 
from observations of her parallactic displacement as •' 
seen from dilfercnt parts of the E&rth’s surface, it is 
clear that the proper time for attacking the problem is 
■Vihen Venus is in transit. 

9 

Fio. II. 

Let us sec, however, how this may be most effectually 
contrived. * 

Suppose that as seen from the point 10 (fig. 11) on 
the Earth at any moment Venus (v) is seen as at v on 
the Sun’s disc; whereas as .seen from if she appe^u-s 
to be at v'. Tlien it seems at first sight as thougli 
nothing could he simpler than to determine the distance 
V v'\ and then having the arc v v' and the length of the 
base line E e' wo could at once determine the distance 
of Venus. For w v' is the aix between two lines from 
Venus containing the angle v v v', which is equal to 
B V e'. So that we know the angle E v e'. For 
example, if the arc v v' were shown to be thirty-five 
seconds as seen from the Earth, then the angle v vv' 
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■would be gre^ater (because v is nearer to v v' than e is) 
in the proportion of E o to v 'V, or roughly as 7 to 5, 
so that the angle vyv' (or E v e') is an angl 4 6 f about 
forty-nine seconds. Now suppose that the stations e, e', 
are so placed on the Earth’s surface that the base line 
E E' is know to be about 6,000 miles in length: then 
the distance E r exceeds 6,000 miles in the proportion 
that the radius of an arc <of forty-nine seconds -^exceeds 
Jhat arc, or roughly as %,200 to 1. Hence e v is about 
25,200,000 miles, and e s exceeds this' distance in the 
proportion of about 7 to 2, or comes out equal to nearly 
9 O 5 OOO 3 OOO miles. 


But for many reasons this direct method of sol’fing’ 
the problem of the Sun’s distance has not been hitherto 
applied. In the first place it is absolutely necessary 
that the observatbns made at e and e' should either 
J?e made exactly at the same moment, or that the 
difiPerence of time should be exactly known, so that the 
observations may be fairly compared together. 
But for this purpose we must know the exact position 
of the stations e and e' on the Earth, so as to be able 
fronf the apparent time at these stations to infer the true 
time at Greenwich or some other fixed station. It is 
e^ily seen that a very slight error in the determination 
of the longrtude of either station would make the whole 
senes of observations useless. Eor example, suppose 
the observer at e recorded the place of Venus on the 
Suns disc at apparent noon for his station; and that 
he lo^tude of the station was supposed to be such 
that this epoch corresponded exactly with the epoch 
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when the observer at recorded the Sun’s position. 
Then if the supposition were correct, the aSove process 
would b» available. But if e were ten or twelve miles 
to the east of the supposed Tongitude, apparent noon 
would occur a minute or so* earlier than.^t a place in 
that kngitude. But,'^n one minute, Yenus, as seen in 
transit, moves over an'arc of about two seconds on the 
Sun’s fa(;e, so that the observe^ at e noting her place a 
minute or so too soon (so far as"® the comparison with 
the other observor’s record is concerned) would set her 
two seconds of arc out of place. But our problem is one 
in which seconds of arc are all-important. 

Bui this is not all. The determination of the exact 
place of Venus on the Sun’s disc at any epoch would be 
a matter of extreme difficulty. It would be necessary 
to deteimiiic, not merely her distance -'from the Sun’s 
centre, but her bearing from that -point, and a very 
slight error in either dctemiiiiation would (in so delicate 
an incpiiry) cdVisc a considerable error in the determi- 
nation of the Sun’s distance. There is, indeed, a way 
of getting over this difficulty which I touch u,()on in 
appendix A ; but though it gives, in my opinion, fiie 
very best method of determining the Sun’s distance now 
available to ns, it reriuires (as will be seen) a prelimi- 
nary knowledge which was not possessed when the 
observation of ,V etius in ti-aijsit was first proposed as a 
means for solving the problem we are upon. 

Aceordingly Halley proposed (in 1716 ) a plan for 

* Tho exact difference of time “would of course depend on the latitude 
of tho station. 
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evading the ^observational difficulties. He suggested^ 
that instead of attempting to estimate the position of 
Venus on^he Sun’s disc aj: any moment, the observers 
at two stations such as E and e', should time the 
passage of Veftus along her chord ^f transit. Neglect- 
ing for a moment thelsonsideration of the Earth’s rota- 
tion, Venus would seem to the observer at e to describe 
such a path as Z While to the observer at e' she 
would seem to describe such a path as /' v' m\ Now if 
we know the lengt^ of time she take*s in describing 
these chords, we know the length of the chords, since 
the rate of Venus’s motion across the Sun’s disc 
same of course for both stations on the assumption 
that the Earth is not rotating) is known from the tables 
independently of her actual distance. Hence it is a 
very simple problem in geometry to determine the 
distance separating the chords I m and V rn!^ and thence 
as in the former case to determine the^ distance of 
Venus, and so that of the Sun. 

Nor does the fact that the Earth is rotating prevent 
us fror^ •applying this method; though it causes the 
problem to be somewhat more complicated. Venus in 
fact does not describe (]^uite a straight chord across the 
sun as seen from any station ; nor does she move quite 
uniformly ; nor again is her rate of motion across the 
Sun’s face exactly the saifie as feeen from different 
stations. But all these points are such as the astrono- 
mer is quite accustomed to take into account, nor do 
they in themselves detract one whit from the certainty 
with which Halley’s method can be applied. 
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But there is one effect of the Earth’s rotation which 
has to be very carefully considered in weighing the value 
of Halley’s method. It is al^solutely necessary (since 
the duration of the transit is to be timed) that at each 
station the beginningj^and end^of the traiisit should be 
visible. Now a transit may last a^ considerable time — 
as long indeed as eight hours ; and it may not always 
be easy t2> find two stations — one^far to the north, and 
the other far to the south, at each of which both the 
beginning and end of the transit jvill be favourably 
seen. Eor it must be remembered that a large part 
o£the Earth is unfitted for the observer’s purposes. We 
must not place our observers on the open sea, nor in 
regions where bad weather ordinarily prevails. And 
this question of the weather is in itself a great diflSculty. 
For transits of Venus can only occur inTDecember or in 
June, as is obvious from a consideration of fig. 10, where 
E'ande^ — the^ points near which the Earth must be 
that Venus in conjunction may be near anode — corres- 
pond to the Earth’s position on about Deceinber 8 and 
June 6. Now, at a northern station in June, at a 
southern station in December, fair weather may be com- 
monly expected, but the reverse holds as respects the 
northern station in a December transit, and the south- 
ern station in a June transit. S,o that the difficulty 
of finding two Stations, one northern the other southern, 
both well suited for observing both the beginning and 
end of the transits, and at both of which there is a fair 
prospect of clear weather at both epochs, is a very 
serious one. 
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In Appei^dix A we shall see more about the circum- 
stances here considered, which it will be understood 
are not swch, ordinarily, to prevent Halley’s method 
from being applied, though they call for the most 
cautious exefpise of judgment ^in the selection of 
stations for the purj^ose. At present it suffices to say 
that the difficulty led Delisle, in anticipation of the 
transit of Venus in 1761, to propose another method. 

• Reverting to fig. 11, it will be clear that as v moves 
onward in the dir^tion of the arrow* the time must 
come when the transit is just beginning at some point 


"Fio. 12. 



^ on the Earth’s surface, from whence the first view (as it 
t were) is obtained of Venus in transit. Some interval 
must elapse before the transit has begun for the whole 
Earth — or at least for all that hemisphere which is 
tupiei*towards the Sun. And at some point on the 
Earth’s surface — which will clearly be nearly opposite 
the point just referred to — the transit will seem to begin 
later than at any other station. Now, neglecting matters 
of detail, and considering Venus as a point for the 
moment, we may reason in this way on observations of 
the Hnd considered : — 

* We suppose the Earth at rest, or— which is the same thing— consider 
only Venus’s motion relatirelyto a line constantly joining the centres 
the Sun and Earth. 
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Suppose Venus at v (fig. 12) when the1;ransit first 
begins, i(liat a line E v ^ just touches both the Earth 
and Sun, and that Venus is ai?v' when the transit has 
begun for the whole Earth, so ^hat e' v' ^just touches 
both the Earth and Sum. Then wc^know’tlie length of 
E e', and therefore we know the length of v v' whicli 
is less than e e' in the proportion before used, of 
about five to seven. We also kn»w exactly how long 
V enus has taken to traverse this arc v v', and there- 
fore, since wo know how long she takbs to complete the 
circuit of her orbit, wc know what proportion the known 
lej^th^ V v' bears to the cii’cumfcrencc of her orbit. 
This gives the circumference, and thence the radius of 
her orbit, whence, as before, wc learn the radius of 
the Earth’s orbit. 

% 

Here wc have supposed the Earth at rest. But as 
the motions both of the Earth and Venus are known, 
the relative nretion of Venus is known, and so the 
conditions of the problem arc as fully ascertained as in 
the simpler case actually dealt with. 

Wc thus see that the phenomena presented a? tlb', 
commencement of the transit arc sufficient for deter- 
mining the Sun’s distance. So also are the phenomena 
presented at the end of the transit ; since it is obvious 
that as Venus passes from v to v' similar relations will 
be presented, but in a contrary order. 

All Ijiat is required, then, for a successful application 
of Delisle’s method is that one observer should have a 
favourable view of the commencement {or end) of the 
transit from some place on tlic Earth where the transit 
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begins (or €^ds) nearly at tbe earliest^ and that another 
should obtain a favourable view of the phase at 
some plafce where the transit begins (or ends as the case 
may be) nearly at the latest. Both observers must 
time the commencement (or end) of the transit most 
carefully. Then to compare the two observations^ in 
order to tell the absolute interval of time between the 

I* 

twoj we must knovf. the exact longitude of the two 
places; for the observations will of course be referred 
to local time, so ^hat in order to compare them, we 
must refer them to some standard time, as that of 
Greenwich or Paris. 

Here, then, are the diflSculties in Delisle’s method : 
unless the longitude of each station is accurately known, 
and furthermore, the exact local time at which transit 
begins or ends, l4ie determination of the Sun’s distance 
will be inexact. As respects the former point there 
is little difficulty, only the observers must stay some 
time at their respective stations, making suitable ob- 
servations to determine the longitude of the station. 
Xhis*can be done either before or after the transit as 
may be convenient. But as respects' the determination 
of the local time at which the transit begins (or ends 
as the case may be), there will be a difficulty if bad 
weather precede and follow the epoch at which the 
phase occurs. Por we can only determine local time 
exactly when the weather is clear, so that ^e can 
make suitable observations on the stars ; and during 
a few days of cloudy weather, the best astronomical 
time-pieces will get a second or two wrong. In 
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Halley’s method the clock may be altogether wrongs 
yet if its rate be fairly good^ the duration of the transit 
Avill be lidcurately determined; but in Del^sle’s tlie 
clock must show absolutely correct time. 

Here again, however, the "difficulties,* so fir from 

I . . 9 ^ 

being insuperable, are only such m astronomers are in 
the habit of dealing with and mastering. 

Both methods were applied during the two transits 
of the eighteenth century. Of tliese one took place in 
June 1761, and the other in June 1769. Both occur- 
ring during the summer of the northern hemisphei^e, 
the Earth’s northern pole was bowed towards the Sun ; 
and in this respect the circumstances of the transits 
differed importantly from those of the transits which 
are to occur in 1874 and 1882, for both these will take 
place in December, when the southp2^n pole of the 
Earth is bowed towards the Sun. 

The transit of 1761 was not observed in a very- 
satisfactory manner. It was a transit for the observation 
of which Delisle’s method was somewhat better suited 
than Halley’s,'^ and the astronomers of the oiglietjenth 

* It is worthy of notice that in tJxo case of two transits soparatocl hy 
an interval of eight years, tho former is commonly best suited for 
Delisle’s method, tho latter for Halley’s, Both tho transits will occur 
at tho same season, that is, Venus will either bo near her ascending? 
node at both transits, or near hor descending node at both, Por an 
interval of eight yeaJs corresponds aln^ost exactly to thirtocm rovolutiouB 
of Venus, so that, supposing Venus near a node when in inferior con- 
junction,^ sho will be near her node at tho conjunction occurring eight 
years later (or after five synodical revolutions). How, it so bappiMis, 
that the line of those successive coiyunctions in tho sumo neighbourhood 
continually rogrados round tho ocliptic, ono interval being in fact about H 
days less than eight years. Thus the latitude of Venus at successive eight 
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century were not so well prepared to deal Avith the 
difficulties of that method as those of our time will 

yearly conjunctions near anode differs by the amount of Venus’s motion 
in, latitude (near a node) in the course of 2^ days. Thus the apparent 
path of Venus across the Sun’s disc would (as supposed to bo seen from 
the Earth’s centre) .be as 1 1* 2 2, fig. (i), when she is near her 

* Fio. 13. 


u 

rising node or when both the transits are December ones ; and as 3 3, 

4 4j fig. 13 (ii), when she is at a descending node, or when both tho 
transits are June ones. [The distance between 1, 1 and 2, 2 — and be- 
tween 3, 3 and 4, 4, would be about that shown in the figure, and tho 
slope with reference to the ecliptic is of course the same* (approximately) 

, in all transits. But the pair of lines may have any position whatever 
as respects distance^fyom the Sun’s centre. , Now, if either line in either 
^ figure falls very near tbft centre of the Sun’s disc the other will not fall 
on the Sun, and there will be only one transit during those years when 
this conjunction is travelling past the node. Thi%>will happen in no 
inconsiderable proportion of these passages — a circumstance requiring 
notice because our treatises on astronomy commonly assert that transits 
of Venus occur at successive intervals of 8, 121^, 8, 105J, 8, 121 J, (See. 
years, vjiich is far from being strictly correct. In fact, instead of two 
trftisi^^ occurring at every such passage, very nearly half tho passages 
would supply only one transit. The list in Lalando’s astronomy is 
wholly untrustworthy in this respect, as any one will find who will cal- 
culate the distances of Venus from her nodes at the conjunctions 
referred to in that list.] To resume ; — Taking the case of Docombor 
transits illustrated by fig. 13, we see that at the first transit when the 
path is as 1,1, the northern station from which 'the path will appear 
lowest down on the Sun’s disc, will give the longest interval ; and tho 
advantage of applying Halley’ s method will depend on the greatness of 
this interval as compared with the shorter interval during which'the tran- 
sit lasts as seen from some southern station. Now the Earth is rotating, 
♦ and the effect of the Earth’s rotation coTisideTcd dlous is to give Venus 
a continual slight westerly displacement in all places where the Sun is 
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prove themselves. Yet the result of the observations 
then macle^ which were interpreted as giving a solar 

moving from oast to wost — that is, at all places save those close by tlio 
south polo, at -which tlio Sun (being abovo the liorifion all clay, or nearly 
till day), moves through part of the day from west^fo oast, Ilonce at 
northern stations, where Voiiuh’s path is louigest, sho is hastened on her 
path by this westerly clisplaeoment ; and so tlio longtheniug of her 
period of transit is diminished and the -value of Halley’s uiothod yiro 
tanto rediu^d. At southern stations tho shortening will be increased 
at places whore the transit o(‘e.urs during Sic mid-day hours, and dimi- 
nished where tho transit occurs during the midnight (nominal) liours.** 
But at tho formor slations tho apparent path of Venus will not be 
thrown so far south as at tho latter ; so that at tho southern stations 
also wo find that the- gri'atest possible shortiming dne to parallax oan- 
^t bo combined with an additional shortening duo to tlie Earth’s 
motion of rotation. But at tho second transit of this sot — when Venus 
appears to follow such a path as 2, 2 (fig. 13), tho roverHO is tho case. 
At the northern station Venus’s path is thrown southwards and so 
shortened, while her motion across the Sun’s disc is hastened (by tho 
effects of the Earth’s rotai-ion) and thoreforo also shortened; whereas at 
the southern stations, where Venus’s path is mosf*loiigthened, her motion 
across tho Sun’s face is retarded and so loiigtirencd. Kalh^y’s method is 
then applicable under tho most favourable conditions for securing a eon- 
sideriiblo timo-di4for(uice. Similarly, it maybe shown that at aJurio 
transit, when Venus’s path is as 3, Z (tho first of a pair), Halley’s 
method is not so favourably applicable as at a Juno transit when her 
path is as 4, 4 (tho sc'cond of a pair). 

Theoretically this is just, but practically, ospceially iu'^^Jecombor 
transits, tho diiliciilty of securing suitahlo stations near tho pole -^licli 
is turned towards tho Sun, may altog(‘thor change tho (‘onditions. Asa 
matter of fact, indeed, the a])proaching transits of 1874- and 1882 are 
exceptions to tho rule ; and 1 have boon able to demoiistral o that, so J’jir 
from Halley’s method being most favourably applicable in 1882 (us t ho 
Astronoim'r-Koyal had inferred from n^asoning rescunbling the abovo), 
there is no reasomtblo chanco of its* being applied at all in 1882, the 
only two southern stations whore it is possible to apply tho m(4bod 
being that tho Sun will bo barely 6^ abovo tho horizon, — a state of 
things preventing all exact observation, and assuroilly not justifying 
expeditions to stations so near the south pole that tho observing parties 
would inevitably have to winter thoro. On tlio otlior liand, I have also 
boon able to demonstrate that Hallty’s method, besides all the advantages 
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parallax of corresponding to a mean distance of 

about 94,500,000 miles,* was a great improvement on 
any before obtained — and better, in fact (thodgb this 
was due to chance), than'that deduced from the more 
complete and satisfactory observations made in 1769. 

The transit'of June 1769 attracted an amount of 
attention both in England and on the Continent which 
afforded very creditable evidence of the scieictific en- 
thusiasm of the men oi the last century. The Royal 
Society presented a memorial to Kiilg George III., 
requesting that a vessel might be fitted out at Govern- 
ment expense to convey skilful observers to one of the 
stations which had been judged suitable for observing 
the phenomenon. The petition was complied with, 
and after some difficulty as to the choice of a leader, 
• 

arising from its simplicity, ■will be applicable under more favourable 
•^circums'ta'nces than Delisle’s, in 1874. It is necessary to observe that 
there is nothing hypothetical about this conclusion.^ The difforonco 
between my conclusions and those before adopted arises simply from my 
having taken into consideration facts ■which had boon (mistakenly) 
imagined to he such as might safely be neglected. Since my results 
were publi|hed, papers by Peters, of Altona, and by Hausen, the eminent 
G-ermfin Aathematician, have confirmed all the views Iliad insisted upon. 
See farther, Appendix A. 

* It is convenient to notice that if the solar parallax wore 10" the 
distance of the Sun would be 81,738,420; and the distance correspond- 
ing to any other value of the parallax can be deduced by simply dividing 
817,384,200 by the number expressing such parallax. The table in 
Perguson’s Astronomy, complacently quoted in Chapaber’s Handbook, 
at p. 248, is incorrect, o-wing to the erroneous estimate of the Earth’s 
mean diameter on which the table is based. Oddly enough, Mr. Cham- 
bers has combined the correct estimate for the parallax at present 
adopted, with Ferguson’s incorrect values. It would almost appear as 
though the figures had been simply quoted without being tested in any 
way, were not such an idea incredible. 
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the ship Endeavour, of 370 tons burden, was placed 
under the command of Captain Cook. Continental 
astronomers also betook thernselves to the mgst advan- 
tageous posts for observing the transit, and when at 
length Venus came between* the Earth* and the Sun, 
her arrival and passage were watched by observers at 
Wardhus^ Kola, and Kajeneberg, at St Petersburg, 
Orenbei%, Yakutsk, Pekin, Manilla, Batavia, Otaheite, 
St Joseph (in California), Kofa, Hudson’s Bay, and^ 
other well-chose^n stations. ^ 

Most of the observations of the transit were well 
^nd skilfully conducted; but a circumstance, which 
now* for the first time attracted serious attention, 
caused a certain difficulty in their interpretation. The 
observers had to determine the exact interval of time 
occupied by V enus in crossing the S^Un’s disc — or else 
in certain cases the exact moment of time when she 
began to cross the solar disc. Now, if Venus presented 
the appearance of a mathematical point, the observation 
would be simply described in the words I have just 
used. But as Venus has a disc of appreciable dimen- 
sions, the question arises, whether the commencement 
or end of transit shall be considered with reference to 
the moment when the disc of Venus just touches the 
Sun’s disc on the outside, or to the moment when her 
disc just touclics his on tli?e inside, or, finally, to the 
moment when her centre is crossing the Sun’s edge. 
As to the last of these cases, we may dismiss it at 
once from consideration, because no observer, however 
experienced, could pretend to determine within a second 


or two wlien^exactly one half of the disc of Venus was 
upon the Sun’s. Either, then, the observer must note 
when Venus is, as at A (fig. 14), just touching the edge 
of the Sun’s disc, s s', on the outside, or, as at n, just 
touching that^edge (the Umh as astronomers call it) on 
the inside. Now, taking the case of ingress, if the 
observer knew exactly where Venus would begin to 
cross the Sun’s disc, as at and very nearly'^the true 

r 

^nstant of su.ch ingress, he might, if the weather were 


Era. 14. 



^very favourable, determine within a second or two the 
moment when the uniformity of the limb S S^ was 
marred by the encroachment of the disc of Venus. 
But as a matter of fact neither one condition nor the 
other is fulfilled, and so, even under favourable circum- 
staiLces of weather, he might not detect the exact 
commencement of ingress. Nor is this all. By favour- 
able weather, I mean something more than clear 
weather. In weather which seems perfectly clear the 
telescopist will often see the edge of the Sun’s disc 
absolutely rippled through the effects of atmospheric 
disturbance, and when the Sun is near the horizon, 
even in good observing weather, the outline of the 
disc is often egregiously disturbed. Under such cir- 
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cumstances nothing would he more difficult than to as- 
siarn the exact moment when external contact took 
place. • But these are the Tery circumstances to be 
looked for in the observations necessary for determin- 
ing: the Sun’s distance. The Sun must be low down 
at all the stations*most suitable (in other respects). 
For tlie essential point both in Halley’s method and 
Delisle^s — nay^ in any method whatever for determin- 
ing the Sun’s parallax — is thaf two observers shall l^e 
as far as possible from each other on the illuminated 
hemisphere of the Earth ; so that they must be near 
the rim of that hemisphere. In other words, they must 
be ¥iear that great circle of the Earth along which the 
Sun is seen exactly on the horizon. The Sun then will 
be nearly on the horizon at such stations, and will be 
viewed necessarily under somewhat •unfavourable con- 
ditions. * -- 

It was this consideration which ded, and probably 
will always^lead, to the selection of internal contact as 
the proper phase to be observed. In attempting to time 
the moment when Venus is just within the fcjjm’s disc, 

' either at ingress or egress, there will, of coxifSc, be 
difficulties arising from atmospheric disturbances ; but 
on the whole the observation of this phase is easier 
than the observation of external contact. 

But, unfortunately, a certain peculiarity affects the 
appearance of Venus when just within the Sun’s disc. 
Instead of appearing circular, she assumes (just before 
she leaves the Sun’s edge at ingress, or just as she 
reaches it at egress) a pear-shaped aspect, as at 1 
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(fig. 15), or such an aspect, as at 2 or 3, according to 
the nature o? the telescope made use of, the conditions 
of the atmosphere, and the visual power of the observer. 
Thus the question arises, whether the assumption of 
this aspect is io be regarded as the true moment of 
internal contact, or whether that is the true moment 
when the circular part of Venus’s apparent outline, if 

Fig. 15. * 

F F F 

continued so as to form a complete circle, would just 
touch the Sun’s outline. Between one moment and 
the other several seconds occur, and the whole question 
is one of seconds. • ^ 

^ Here is a difficulty of grave importance ; for it is to 
be noticed that a practised eye would b^ needed to 
determine the moment when the outline of Venus 
would just touch the Sun’s if undisturbed, and even a 
practised#eye might well be deceived on such a point. 
On tCe other hand, though an observer might time the 
exact moment when the outline of Venus is just clear 
of the Sun’s (and within it), either at ingress or egress, 
yet as this moment depends (as already mentioned) on 
the qualities of the telescope and on thh observer’s 
visual powers — probably also on the state of the weather 
— there is room for a considerable error to creep in. 

I shall discuss further on the interpretation of the 
peculiarity just considered. At present the point to 
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be attended to is the actual effect produced by this 
peculiarity, upon the trustworthiness of the results 
obtained in 1769. The oliservers were for the most 
part unprepared for the serious difficulty which the 
peculiarity actualljj introduces. Altliough in 1761 
Venus had been distorted at ingress and egress, while 
Halley himself had in 1753 noticed that Mercury 
exhibited a similar distortion, ^it had not occurred to 
astronomers to discuss the phenomenon and so to 
enabled to point out how the difiSculty miglit be got 
over. In fact, the whole matter had been so completely 
^overlooked, that, as I have said, few of the observers 
in “1769 were prepared for the peculiarities which 
Venus presents when in interior contact with the Sun.^ 

The result was that much difficulty was experienced 
in interpreting the observations. Itrwill bo understood 
that more observations were made than were actually" 
necessary fjr the solution of the problem. One pair 
of observations, if absolutely exact, would have sufficed 
to determine the Sun’s distance ; but as errors must to 

* Thero is nothing more romarlcablo in the history of 
observations than tho little preparation madofor important occurrences, 
such as transits and eclipses, so far as tho actual ohsorvation of tho 
phenomona is concornod. Abundant preparation is made as far as 
instrumental xnc'ans aro concornod; Imt again and again tho history 
of astronomy exhibits cases where the actual phenomena of transits and 
eclipses take tho^obsorver by surprise, and so are not obsorvccl as well 
as they miglit have boon, oven whon abundant information has boon in 
reality available for the insl.ruction of those who aro to take part in 
watcSiing such oceurroncos. There is much, for oxamplo, in the history 
of Qclipso-obsorvations that is exceedingly painful to tho real lover of 
science, more particularly in tho wearisome repetition of observations 
which have already revealed all they can reveal, and in the apparent 
dearth of invention as respects tho dovisal of now modes of research. 
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a greater or less extent affect all observations, it was 
necessary that many sets should be made in 0).-der that 
the mean result should bo^ taken. Now, in all such 
cases the amount of reliance which is to be placed on 
the final or m€a^^ result depends op, the closeness with 
which the several results aggregate round the mean. 
Precisely as we should place little reliance on the 
deduced mean of a sejcies of ordinary measurements 
Afhich differed considerably inter se, so astronomers 
would not be prepaid to accept with confidence a 
value of the Sun’s distance which was the mean of 
several discordant results.'"^ ^ 

Now, the observations made in 1769 were in this 
respect much more satisfactory than those made in 
1761 ; but owing to the peculiarity I have mentioned 
they did not accord so well by any means as might 
•have been anticipated. 

It is not too much to say that in the attempts first 
made to determine the Sun’s distance by means of the 
transit observations of 1769, no settled principle was 
.adopt^^^It was not much to be wondered at, therefore, 
that the estimates of the solar parallax varied between 
somewhat wide limits; so that whereas some mathe- 
maticians made the solar parallax as great as 9'^ '2, 
others obtained a value of only 7" ‘5. The correspond- 
ing values of the Sun’s distance are respectively 

* The total nunihex of observers in 1761 was no less than 63— I'huH 
distributed: 13 in hforth Europe, 8 in England, 15 in Eranco, 0 in 
Spain, Portugal, and Italy, 16 in Grermany, and 3 in other places. In 
1769 there were observers at 50 stations in Europe, 6 in Asia, 17 in 
America, and at one station in Polynesia. 
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87,890,780 and 108,984,560 miles, — a raijgo compared 
with which recent discrepancies seem insignificant.* 
DiiriSg’the years 1822 and^l824, Enckc rCfCxatnined 
the whole series of observations made on the transits 
of 1761 and 1769. With wonderful patimco, especially 
when we consider the nature of his materials, he com- 
bined together the results of no less than 149 observa- 
tions m&de during the former transit, and as many 
made (at 75 stations) during tlie second. Prom th» 
transit of 1761 *he deduced for tlic Sun’s parallax the 
value and from the transit of 1769 he deduced 

the value 8'''‘60;f while, by combining the two, he 
arrived at 8^^ ’5776, the value which was cin])loyed 
during so many years in the ‘ Nautical Almanac ’ and 
other like works. The corresi)onding distance, viz., 
95,274,000 miles, held its ground dufftig all those years 
in popular treatises on asti'onomy, ’ 

It is somewhat surprising, considering the evidence 

* Tlio results of the transit of 1701 aro thus Hiimnn'd up in iJr. 

Brulin’s Life ofEndee. {Johann Franz Eiiahu min Lehen vM Wirken ) : 

Short ohlninod a parallax of b(‘tween 8"**i7 and ; Pingrd, 10^' ; 
Rnmo'wski, ; Planmann, 8''*2 ; Aiiilofredy, J^V()tn%»^aiisit 
of 1769, adds Ilrulm, Wm. Smith deduced a parallax of 7''*r> ; Hornby, 
8"78 ; Pijigrd, 9"'2, 8''*88, and ; Lalaude, 8''-8 ; Lexoll, by Ru1(U’’h 
method, botweon 8''’G5 and 8''*8G, whence ho Unally adopted 8"-8. Tho 
value of tho Sun’s distance corresponding to all tlu^so rosults can 
he at onco doducod from Tahlo II. at tho md of this work ; save only tho 
distance corrospoi\ding to 7"*6 (in Bruhn’s work it is written tJ)) whif-h 
is stated above. ^ 

t The actual rosults doducod by Bncko werc—from tlui transit of 
1761,'>8"*490r)25 + ()‘0G0712",* from that of 1709, 8"*G()30 + 0"-()4G0 ; 
from the two combined, 8"-577G±0"-0370>—3’()12()5p', whorcTsp is tho 
correction for the Sun’s semi-diameter (estimated by Enckc at 
Later, Eucko doducod tho vnluo 8"'571G, by introducing some corroetioiis 
in his work. 
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wMch was afforded by the discrepancies between the 
observations made in 1761 and 1769^ that this result 
should haye been regarded with such confidence, since 
it needed but a brief examination of the basis on which 
Encke’s result was founded, to see that no faith what- 
ever could be placed*in three at least out of the five 
numerals in the expression 8''’5776. Delambre regarded 
very justly, as the most probable valuft of the 
^olar parallax half ^ century ago. It was rightly 
admitted that the observations of V*enus in transit 
afforded the most reliable results ; but Delambre, 
Bessel, and other astronomers of eminence, were far 
from adopting the value 8"^-5776 with that implicifcon- 
fidence which caused the corrections made in recent 
times to attract so much notice, and so greatly to 
surprise the gena-al public. 

The observation bf Venus in transit bein^ admit- 
tedly the most trustworthy method of determining the 
Sun’s distance, it might have been supposed that no 
new results could serve to throw doubt on those deduced 
by En^ e, until the time should come when Venus 
wouTd again cross the Sun’s face — that is, until the 
year 1874. But the rapid progress of science during 
the past half century, though it has not served to alter 
the relative value of different methods for determining 
the Sun s distance, has enabled astronoitiers to apply 
some of the less powerful methods in so much more 
effectiv e a manner than of old, as to obtain more trust- 
worthy results than had followed from the best method 
of all when less skilfully applied. 
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Amongst these relatively inferior metjiods, no less 
than four are novel ; but a very brief description must 
suffice for each. , 

It had been noticed by Laplace^ towards the close of 
the last century, that among •the pertuAations of the 
' Moon there is one which depends*on the Sun’s distance. 
Suppose Mj Mg Mg M4 to represent the Moon’s path 
* Tw. ir>. 


Mj, 

s 


ai’ound the Earth, e. Then clearly as the Moon moves 
from M4 through Mj to Mg, she is disturbed by the Sun’s 
action, which is here greater on the iloon than on the 
more distant Earth. On the other hand, while the 
Moon is mo^ng from Mg through Mg to she is dis- 
turbed, because the Sun’s action is greater on the Earth 
than on her. Without entering into an exact investi- 
gation of the effects thus produced, it is abi!hidiy^tly 
evident that the Sun’s perturbing effect in the former 
case will be greater than in the lattei’, because the 
radius of the orbit M^ Mg Mg M4 clearly bears a greater 
proportion to s than to Mg s. The Moon’s orbit is 
indeed so minute compared with the Sun’s distance, that 
the difference is very slight ; but still there is a differ- 
ence. When the Moon is at the Sun tends to pull 
her more strongly away from the Earth than he tends 
to pull the Earth away from the Moon when the latter 

E 
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is at Mg; an^ a similar preponderance holds for other 
and corresponding positions of the Mioon and li/arth. 
It follow^ that there is^ a slight variation the 
Moon’s motion depending on this cause alone, and 
readily admitting of being estimated theoretically, 
while the continued observations made by astronomers 
on the Moon’s motions suffice to show how great the 
perturbation really is. It is only necessary to Compare 
ihe theoretical with the observed value to deduce the 
Sun’s distance ; onl^, of course, the a'ccuracy of the 
result will depend on the number and accuracy of the 
observations. Laplace, with the best observations^ 
available in his time, deduced for the Sun’s parjfllax 
the value 8^^*6, corresponding closely with the value 
subsequently deduced by Encke from the transits of 
Venus; ^ It is fe^arkable,’ wrote Laplace, ^ that an 
astronomer, without leaving his observatory, by merely 
comparing his observations with analysis, has thus l.)ecn 
enabled to determine the distance of the Earth from 
the Sun — an element the knowledge of which has 
bee njhfl r fruit of long and troublesome voyages in both 
hemispheres.’ 

But this method is clearly one which modern 
astronomers can apply much more effectively, because 
the observations at their disposal are so much more 
numerous and so much itTore exact. ''Accordingly, 
Hansen, the eminent mathematician and lunarian, 
announced in 1854, in a letter addressed to" the 
Astronomer Royal, that this method, applied with the 
aid of his new tables of the Moon, gave a solar parallax 
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of 8"-9159, corresponding to a distance of '91,659,000 
miles. ^ , 

Another method, depending «on the apparent’ motions 
of the Sun, was applied (with a very similar result) by 
Leverrier. » >* 

If the Earth had no satellite she*would travel on her 
elliptic orbit round the Moon, with no other iierturba- 
tions than those produced by the* planets. But since 
she has a satellite^ whose mass is an appreciable tliough * 
small aliquot part of her own, she is disturbed precisely 
in the same way, though not to the same extent, that 
tl«2 Moon is disturbed. The Moon travels once in a 
lunar month around her orbit, but the point round 
which the Moon moves is not the centre of the Earth, 
but the centre of gravity of the Earth ijnd Moon ; and 
around that centre of gravity the E/lrth also travels 
once in a lunar month. Now, precisely as an observer 
on the Moon would have in ctfect the range of the 
Moon’s orbit around this centre of gravity, as a liase- 
line by which hi estimate the Sun’s distance, so the 
observer on the Earth has the range of the Earth>r»!)it 
around the same centre of gravity for the same purjxwc. 
The diameter of this last-named orbit is indeed very 
small— little more, in fact, than three-fourths of the 
Earth’s own diqmeter; but the radius of this small 
orbit the Earth is sometimes in advance and sometimes 
behind, her mean j)osition. In other words, her motion 
in longitude (that is, her angidar motion round the 
Sun) is not equable. Over and above the variation of 
her velocity due to the ^ellipticity of her path, there is 
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this alternSte advance and (relative) retrogression, 
having for its period a lunar month. Obvdo^isly, the 
observedr effect, so far asrthe astronomer is concerned, 
is an apparent irregularity in the Sun’s motion, having 
the same period of one lunation. r The effect is exceed- 
ingly minute : it is less than the displacement of the 
Sun as seen from different parts of the Itarth ; and, as wo 
have seen, this effect 90 uld never be employetf to deter- 
®mine the Sun’s distance. Why, then,^it may be ashed, 
is the other and smaller effect available ? For this 
reason simply, that the daily observations made on the 
Sun in the meridian supply a fund of materials f*r 
estimating the effect in q^uestion. Such obsorvatioiiH 
are made (severally) at one station by one telcscoi)C, 
and if not by one observer, yet by a series of observers 
who are always 'vforking together, so that their relative 
modes and powers of observation are ' comparable to- 
gether.* r 

Leverrier, by the careful study of an enormous 
number of observations on the Sun, made at the 
prns^al observatories in Europe, came to the con- 
clusion that the Sun’s parallax is 8'''95, corresponding 
to a mean distance of 91,330,000 miles. Mr. Stone, 
however, has detected a numerical error in ]VI* 
Leverrier’s calculations ; and when this error is cor- 
rected the value 8'''*91 results, corresponding to a 

* The great point, however, is that all the observations nA meri- 
dional. Were extra-meridional observations of the Sun as trustworthy as 
those made on the meridian, the Sun’s distance could have been long 
since determined through those effects of the Earth’s rotation whiclx 
depend on the length of her diameter. 
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distance of 91,739,000 miles.* Mr. Simon Newcomb, 
of America, has, by the application of the same 
method,* deduced the parallax 8" ‘84, corresponding to a 
distance of about 92,500,000 miles. 

MM. Fizeau and Foucault implied a method ditfering 
wholly in character from any >hat had before been 
thought of. It seems at first sight incredible that the 
ingenious combination of revolving wheels or mirrors 
should serve to determine the Sun’s distance; but sucli, 
is the case. The essential point in the new method is 
the direct measurement of the velocity with whicli 
Ijght travels. This velocity had been determined in 
two tvays by astronomers, or rather it had been dis- 
covered in one way, and the deduced result had been 
confirmed in another. When Jupiter is in opposition — 

m 

* Every method of solving the proLlom of tlitf Siin’s distance has its 
special difficulties. In Lovijrrior’s method, the accuracy of tlio result is 
wholly dopendont on. the accuracy of our CHt.imato of the Moon’s miiss; 
for clearly on thii^ (estimate d<‘pc.nds tho extent wo are to assign to tho 
Eartli’s monthly orbital motion around tho common ctiiitre of gravity 
of the Earth and Moon. Eut tho Moon’s mass is only measurablo by . 
observations determining tho amount of the nutation of the Earth’s axis, 
a quantity of the same minute order as tho solar parallax itst%,*^ti]], 
this method has tho advantage of depending on a v(Ty largo number of 
observations, both as respects the dot<‘rmination of tho , Moon’s nutation, 
and that of tho inequality of the Sim’s motion. It is obvious that tho 
latter inequality may be (employed either to determine tho Moon’s mass 
whon tho Sun’s distance is known, or viee vmd. It has boon omployt^d 
both ways, Eolambre having deduced tlio value of the Moon’s muss by 
this mode, Tho way in wbich the ^equality is applied will depend on 
tho question whether tho Moon’s mass or tho Sun’s distance is supposed 
to be b«st known other methodic. At present it is assumed tliat tho 
Moon’s mass is tho more accurately dotorminod element; but doubtless 
after the transits of 3874 and 1882 the inequality in tho 8un’s motion in 
longitude will be applied to determine the Moon’s mass from the known 
distance of tho Sun. 
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at which time he is nearest to ns — the eclipses and 
occultations of his satellites were found to occur a few 
minutes earlier than had been calculated*; •whereas 
when he is near conjunction these phenomena occur 
before the calculated time. Komer first pointed out 
the meaning of this /observation.^ He showed that the 
phenomena really occur at the calculated epochs^ but 
that the light which brings to us the accounir of those 
^phenomena reaches tfs more quickly when Jupiter is 
nearer to us than when he is farther ^ away. Bradley 
afterwards found an this discovery the explanation of 
the aberration of the fixed stars. If light travelled 
with infinite velocity we should see the stars ki tlie 
same direction whether the Earth was at rest or in 
motion. But as the velocity of light, though vei’y 
great, is yet noHnfinite, the apparent direction in wdiich 
the light from a star reaches the terrestrial observers 
is affected by the motion of the Eai’th, according to sl 
law precisely similar to that which causes the apparent 
* direction of the wind to be affected by the motion of 
an ol^rver who is rapidly carried onwards in a carriage 
or SSner vehicle. And when Bradley determined the 
amount of the aberration of the fixed stars at different 
seasons, he found— and astronomers have since abun- 
dantly confirmed the result— that the precise velocity 
assigned to light by E(^mer was that required to 
account for the peculiarity which affects the apparent 
place of every star in the heavens, as the Earth sVeeps 
onward on her yearly orbit. 

But it will be seen that neither observation supplied 
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Lhe means of directly determining the velocity of light 
in miles per second. All that was known was— first, that 
light t&es a certain interval of time in crossing the 
Earth’s orbit (or some known chord of that orbit) ; and, 
secondly, that the velocity ofdight bears* a certain pro- 
portion to the Earth’s velocity iirlier orl)it. Until the 
exact dimensions of the Earth’s orbit arc known, neither 
of these <acts informs us of the real velocity of light. 
Judging, however, from Encke’s estimate of the Sun’i^ 
distance, astronomers concluded that light travels at the 
rate of no less than 192,000 miles in a single second of 
Jime. 

If might seem altogether hopeless to attemi)t to esti- 
mate directly a velocity so enormous as this. Eemem- 
bering how the velocity of sound has been measured, 
and considering only the application oi^a similar method 
to the case of light, how utterly futile does the very 
thought of such an attempt appear I We can make a 
signal when a sound is heard at one station, and ob- 
servers at another station can note how long the sound 
takes in reaching them ; because where the statjj™ arc 
at a considerable distance, an apprecial)le time elapses 
before the sound travels from one to the other. But 
the very best signal wo can use is some visible signal 
(in preference, I mean, to some electric signal), i.e., a 
light-message,^ which trav«ls so quickly that wo can 
wholly neglect the time it has taken, in comparison with 
that^aken by the sound. Obviously, we have no such 
means of measuring the passage of light, for what is our 
signal to be if the velocity with which it is conveyed is 
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so largely t(j exceed the velocity of light that we can 
neglect the time occupied in its transmission ? But if 
we had eyen a satisfactory answer to this question (in- 
stead of having none whatever), the problem would 
yet he insoltrble in this manner. Suppose the light 
were shown at a distfftice of 500 miles — about the limit 
at which any terrestrial light could be seen, even under 
the most favourable atmospheric conditions-^yet the 
^ime occupied by the light-waves in traversing this 
distance would be but about the 360th part of a second. 
What instrument or what observer could note such an 
interval to say nothing of measuring it, which woul(j| 
yet be absolutely essential to the successful solution of 
the joroblem ? 

I shall not here enter into a full account of the means 
by which Poucafl^t and Pizeau solved a problem appa- 
rently so intractable, refeiring the reader to ‘ Pouillet’s 
Physics ’ and other works in which the subject of light 
is dealt with. The general principle of the method 
employed by Pizeau may be thus presented. Suppose 
we se^n object by light-rays which have been caused 
to traverse a long path by means of several reflections. 
Now. conceive that the continuity of the long path is 
sirnultaneously broken at regular intervals at two 
points, one near the beginning the other near the end 
of the path, the path being •broken — ^re-toade— broken 
-re-made, and so on. Then if light travelled with in- 
finite velocity, the light-rays, which at any instant 
traversed the first part of the path at a time when the 
path was made there, would traverse the last part also. 
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because at that same instant the path would be com- 
plete there also. But light not travelling with infinite 
velocit;f, the light-rays which pass the first part of the 
path may be stopped by the break in the second part, 
if the interval between the making and breaking be but 
short enough. Now, Bizcau had a revolving toothed 
wheel, and matters were so arranged that when a tooth 
of this Tfheel was opposite a certain small aperture, the 
path of light was broken both at its beginning ancl 
end, for the light had to pass through this aperture, 
and then, after pursuing a long course, to pass out 
^gain through the same aperture. Now, when the re- 
voUrtion was moderately rapid,, light-rays which passed 
through the aperture found the aperture open when 
they came back again to it ; but by causing the revo- 
lution to be very rapid indeed, so thtit a very minute 
fraction of a second elapsed between the passage of 
successive teeth across the aperture, it was possible to 
cause the light-rays which had entered while the aper- 
ture was open to be prevented from passing out again 
by the interference of a tooth of the whecL^It is 
easily seen that wlien the wheel revolved at this parti- 
cular rate there would be a total eclipse so far as light 
coming through the aperture was concerned. For light 
which went in when any portion of the aperture was 
free, would return to the jJperture when just that por- 
tion of the aperture was closed. Then, as Fizeau had 
the means of telling at what rate the wheel was revolv- 
ing when total eclipse thus occurred, he could tell pre- 
cisely what fraction of a second elapsed between the 
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passage of tooth after tooth across the aperture ; and 
knowing the length . of the path traversed by the light- 
rays he could measure the velocity of light with a con- 
siderable degree of accuracy. Foucault adopted an 
arrangement which a plane mirror was caused to 
rotate very rapidly, « and the principle of his plan 
(which, to be fully explained, would require more space 
than is here available) depends on the duration'' of visual 
impressions.* Fizeau's method, in some respects in- 
ferior to Foucault’s, resulted in assigning to light a 
velocity of 194,600 miles per second; but Foucault’s 
gave a velocity of only 185,300 miles per second, fall- 
ing considerably short of the estimate of 192,000 miles 
above referred to. So satisfactory were Foucault’s 
experiments, that this discrepancy was held gravely to 
affect the estimaOe^ of the Sun’s distance, on which the 
latter value is based. It would follow, if Foucault’s 
experiments were held to indicate truly the velocity of 

^ * It may Id© thus exhibited : — ^An image of a certain "wirG is soon 
^rectly, and when a certain plane mirror which can be Aipidly revolved 
is in a^^tain position, the image of the wire is caused to appear in 
coinciaence with the wire seen directly. The mirror 'is so rotated 
as to take up once in each rotation the required position ; and so long 
as the rotation is slow the reflected image makes successive appear- 
ances. VCith an increase in the velocity of rotation the image appears 
continuously in one place— owing to the continuance of visible impres- 
sions. Now, for moderate velocities of rotation, the position thus taken 
up by the mage coincides with thiLt of the wire sSen directly. But 
^th a very rapid rotation the position of the mirror suited for causing 
the image to he visible (after reflection), no longer accords appreciably 
v^th the position required when the mirror is at rest. Accordingly, 
^ the image appears appreciably separated from the wire seen directly: 
and the amount of separation, eomhined with the known velocity of ro- 
tation, supplies the means of estimating the velocity of light. 
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light in the interplanetary spaces (as well as in air), 
that the Sun’s mean distance would be but 91,400,000 
miles, ^lis parallax 8"-942. 

Yet another method was suggested by the Astro- 
nomer Koyal. He pointed out that instead of compar- 
ing the position of Mars on the -sky (when the planet 
is near opposition) as seen from different stations, an 
even mere satisfactory estimate of the i)lanet’s distance, 
and so of the Sun’s, might be' obtained by observing 
how fiir the diurnal rotation of the Earth, by shifting 
tlic place of any fixed station, a'lfected the apparent 
^position of the planet. It is clear that if the station E 
(figt 9) is supposed to be carried by the Earth’s rota- 
tion to E^, the observer can as effectively compare the 
distances at which the observed places of Mars, m and 
m', lie from a fixed star s, as thouj^ there were two 
observers, one at e and the other at e' at the same 
instant of time ; for astronomers know well how to 
take into due account the motion of Mars during the 
interval. 

In 1862 this method was employed, as well as the 
former method of treating observations of MareT* The 
result was to confirm the impression that the Sun lies 
nearer to us than had been so long imagined. Stone, 
of Greenwich, by combining the two methods, deducing 
the solar parallax first from observations of Mars made 
at Greenwich alone, then from observations made at 
Gro’enwich and Capetown, then from observations 
made at Greenwich and WilHamstown, and combining 
all those results, deduced a solar parallax of 8"-943, 
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with a probable error of 0''''‘051. This corresponds 
to a distance of about 91,400,000 miles, with a probable 
error of about 500,000 miles. Winnecke, by combining 
observations of Mars made at Poulkowa and Cape- 
town, deduced»ji parallax'of 8"’964, corresponding to a 
distance of about 91,800,000 mdes. Newcomb, from 
the observations of Mars in the same year, deduced a 
parallax of 8"-855, corresponding to a distance bf about 
J2, 300,000 miles. * 

Besides these, there were estimates by Leverrier, 
Stone, Newcomb, P ogson, and others, founded on the 
re-examination of processes already referred to, or. 
on observations enabling those processes to be applied 

anew with more or less chance of exactitude in the 
results. 

By the year P8,64 it had become abundantly clear 
that the accepted estimate of the Sun’s distance was 
too great. All the new values clustered around a 
value, of about 8"-9 for the parallax, corresponding 
to a distance of about 91,850,000 miles. 

Thj^astronomers were led to re-examine the obser- 
vations of the transit of 1769 in order to see whether 
they could be so interpreted as to correspond with the 
result pointed to by so many independent researches. 
Powalky subjected these observations to a new dis- 
cussion and deduced the vdlue 8"-832, corresponding 
much more closely than Encke’s with the recent dc- 
tei-minations. But astronomers were not satisfied with 
is labours, because he rejected some of the more im- 
portant observations made in 1769, without assignino- 
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sufficient CtiusGj cind cilso ficctiuse ugreement 
between those observations which he retained was by 
no means exhibited satisfacto^iily. As Admiral Manners 
said, when addressing the Astronomical Society in 1862, 
^ The weight of EucJ<e’s value could scaj^cely be said to 
be affected by Powalky’s discusSoiu’ 

Newcomb, of America, was more successful. He 
deduceef the value 8''*87 by a method altogether more 
satisfactory than Powalky’s. Put still the agrees 
ment between the different obsej^vations was not so 
satisfactory as could be wished; nor liad Ncwcoml) 
gudopted any fixed rule for interpreting the observations 
of internal contact, which, as I have said, are affected 
by the peculiar distortion of Venus’s disc at that 
moment 

It was reserved for Mr. Stone, of (Greenwich, to solve 
in asatisfactory manner a difficulty which had long per- 
plexed astro^iomers. We have seen that there are two 
phases which an observer of Venus in transit might try 
to catch — the moment when the connection between the 
disc of Venus and that of the Sun appears to break at 
ingress or form at egress, and the moment when the 
outline of Venus, if undisturbed, would just touch the 
outline of the Sun. Now, if we consider why Venus 
is distorted so peculiarly near the time of internal con- 
tact, we shall see which t)f these phases corresponds 
mosj closely to the real moment of internal contact 
The matter is sufficiently simple. Owing to a pecu- 
liarity of vision, every bright object appears somewhat 
larger than it really is, the borders of the image on the 
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retina affecting the neighbouring part of the retina. 
It follows obviously that every dark object will appear 
somewhat smaller than it really is, for the background 
on which the dark object is depicted will be relatively 
bright, and so image oh the retjlna will encroach on 
that of the dark objeeK Thus, suppose the arc s s'v' 
(fig. 17) to represent part of the true outline of the Sun, 
then, to the observer, the outline would He as shown 
outside this circle ; but if the circle s' v v' represents 
the true outline of ^enus, her apparent outline would 
lie as shown inside this circle. It is clear, then, that 


17 . Fic. 18 . 



the part of the outline of Venus which lies upon the 
Sun seems to belong to a smaller circle than the part 
of the 4?utline lying outside the Sun. This is true 
until the actual moment when the true outlines touch, 
when the appearance would he that shown in fig. 18, 
the connecting ligament being the finest conceivable 
line ; and obviously (referring to ingress), the un- 
distorted part of the apparent outHne of Venus would 
have seemed to belong to a circle touching the Sun’s 
outline some seconds earlier. Similar remarks apply 
to egress. 

So that if an observer could note the moment when 
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the discs of Venus and the Sun were apparently united 
by a line line^ as in fig. 18 ^ he would have ascertained 
the monfent of real contact ; whereas if he had noticed 
the time when the circular part of Venus’s outline 
would touch the Sun’s, if continued uirtdistorted^ he 
would have caught quite a distincir phase, which we may 
call apparent contact. As a matter of fact, only the finest 
possible l^lescope, and great care and observing skill 
on the part of the astronomer, would render it possible> 
to notice the mofhent when such a hgament as is shown 
in fig. 18 broke or formed. Usually a much coarser 
^h^ent only would be noticed ; but the observation of 
thS^uddcn breaking or formation of the ligament 
would be regarded as an approximate observation of 
real contact.* 

Now, what Mr. Stone did was tj^^infer, from the 
account actually given by the different observers, 
whether real or apparent contact w^as noticed ; and he 
introduced a definite correction, according to the best 
estimate we have of the effects of irradiation in cn- 
larging the solar disc aiid diminishing that of Venus. 

By adopting this definite rule, Mr. Stone not only 
deduced a solar parallax corresponding closely with 

* In Appendix A will bo found some tiirthor roniai’kH on tliiw point, 
in re'lation to thn oxpoctatioriH connoctml with tho ai>pr(>adung tninsits, 

It IwH RC(‘mod to inti that thn view mkon by Mr. Stono of tho value of 
those oxpccUitloiiB is ahogotluT too dospondent. It is quite true, jis ho 
points ^out, that dift\*rout obsorvers will sco a ligament of diflGjront 
breadth— in otln.T words, will catch a diiforont phase ; but wo not 
thoreforo fear that a corresponding error will bo introduetd. If each 
observer dot‘s but not(^ tho apparent breadth of the ligament, there will 
be tlio means of in large part eliminating this cause of error. 
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that obtainegi by the various other methods described 
above, but (which is much more important) he brought 
the observations of the transit into most satisfactory 
accordance. To quote the words of Admiral Manners’ 
address on presenting to 'Mr. Stoiie the Gold Medal of’ 
the Eoyal AstronoiKical Society — ‘Mr. Stone’s in- 
vestigation includes every complete observation from 
internal contacts of the transit, and yet, notwithstand- 
ing this circumstance, all the observed durations are 
represented with a degree of accuracy which is, beyond 
all doubt, within the limits of probable errors of obsci'- 
vation. Mr. Stone has effected this object by simplflt 
interpretation of the words of the observer, inferring^ 
■from his language, and from the accompanying^ 
circumstances of the case, whether the phenomenon 
noticed by him deferred to an apparent or a real con- 
tact.’ 


The result thus deduced assigned' to the Sun a 
parallax of 8"-91, with a probable error of 0''-03, 
corresponding to a distance of about 91,730,000 miles, 
with a probable error of about 300,000 miles. In 
other words, the Sun’s distance, according to this latest, 
in many respects most satisfactory determination, 
IS found to lie between about 92,030,000 miles and 
about 91,430,000 mUes. If we assume 8"-9 as, on the 
whole, the best value for the parallax, implying, as it 
does, that as yet we have no knowledge of the next 

92,000,000 miles;* as we ought not to admit any 
* The veiy value, be it noted, vhieh Professor Smyth, Astronomor 
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significant figures beyond the second. ’> Doubtless 
after the , observations which are to be made on the 
■ transits of 1874 and 1882, astronomers will be able to 
extend the value of the parallax to a second decimal 
figure, and so have three significant figva-es in the ex- 
in-ession for the distance. (See Appendix A.) 

It remains to be noticed that the correspondino- 
value orthe Sun’s diameter is fairly represented by 
850,000 miles, nor is anything gained by expressin> 
this diameter, as is so commonly dcwie, with significant 
figures down to the units’ place. Certainly if the true 
— parallax is 8"-94000, for instance, then the exact 
value of the Sun’s diameter is 852,908 miles. But 
when we see that the value of the solar parallax can 
only^fairly be presented to the first decimal place, or 
as we cannot pretend to know the Sun’s diameter 
with greater exactness. The limits of error in our 
estimate of the Sun’s distance being probably four or 
five hundred thousand miles at the least, it must be 
admitted that the limits of error in our estimate of the 
Sun s diameter cannot be less than four thousand mSes. 

The surface of the Sun is equal to four tirnes 
the area of a circle having this diameter of 850,000 
mdcs, or in round numbers to 2,285,000 millions of 
miles. His volume is about 1,250,000 times that of 
the Earth. * 

JRoyHl fSr Scotland, considers to to recorded in tho dimensional features 
of the Groat Pyramid. See his Life and Work at the Great Pyramid, 
wtich goes far to dcmonsteite that a number of tbe facts regarded ae 
recent aeqmsitions of astronomy wore knom to the architects of that 
most romarkahlo erection. 

P 
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In drawing to a close ±h.iB chapter on the most 
difficult and important problem of astronomy — a 
chapter wliichj long as itrisj has barely sufficed^ to con- 
vey so much of the history of investigation as seemed 
essential to my purpose — I woul<J remark that there is 
no branch of research with which astronomers have 
better reason to feel satisfied. I cannot consent to 
speak of recent successes as though they had*^ removed 
•a reproach from astronomy. There is no single j)art 
of the history of this problem of wtich astronomers 
have not abundant reason to be proud. By long 
and patient labours they have been able to overcome^ 
difficulties which might fairly have been thought 
insuperable. Availing themselves at every step of 
the best means they could secure for approxima- 
ting more and more closely to the truth, they have 
necessarily had during their advance to pass from 
ground which they had formerly occupied. But every 
such change of ground has been an advance towards 
more complete success. Sir John Herschel has said 
thai the recent correction in the value of the Sun’s 
parallax, corresponds to the apparent breadth of a 
human hair at 125 feet, or of a sovereign at eight 
miles off; ^ and that, moreover, the error has been 
detected and the correction applied ; and that the 
detection and correction* have origiriated with the 
friends and not with the enemies of science.^ But I 
would go even farther than this, since in place of 
regarding the recent change as involving the detection 
and correction of error, I would speak of it rather as 
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a new approximation, more successful indeed than 
former ones, hut not therefore changing those former 
successes into defeats. The astronomy of half a 
century since had as good reason to he proud of 
Encke’s work as the .^istronomy of the present day has 
to rejoice at the successes of Hansen, Eoucault, 
Leverrier, and Stone ; or as. the astronomy of future 
ages wil? have to hoast of those labours hy which 
the results now accepted will inevitahly he im2)roved * 
upon. 



68 


THE SUH. 


CHAPTER II. 

THE 8UH AS BVLEH. ^ 

• One of the most important ot the Sun’s functions is 
that by mtne of which he rules the motions of his 
family of planets. Ry the exercise of his mighty at 
tractive influence he continually controls the tendengjjj^ 
which they have to rush tangentially far out into space 
beyond the influence of his illuminating, heating, and 
actinic rays. Jheir swift orbital motions, combined 
with the relative stability of their axial pose, result in 
producing the orderly succession of the seasons. But 
this succession would come to an end, were it not 
for the stability of their orbital motion; and this 
stability is due to the Sun’s overmastering attraction. 
Terthis it is due that the paths of the planets though 
undergoing continual processes ot variation, yet suflci 
no sudden changes as respects their distance from him, 
or, therefore, as respects the period necessary for a 
complete revolution. Hay, so perfect is the whole 
scheme of governance that even the processes of slow 
change take place within limits, and those liimts not 
very wide. Hot merely can the orbits of the planets 
sufier no sudden change, but they can neither suffer a 
great change nor a permanent change. 
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We might dwell much farther on the importance ot 
the Sun’s^ influence as the most massive portion of the 
scheme of which he is the centre. On the one hand we 
might point to the possibly even vital importance of 
the action which cauf>es the terrestrial eqjuinoxes to cir- 
cuit the ecliptic in their gran(f processional year of 
25^868 solar years, or of the slowly-exerted influence 
which cfianges the eccentricity of the Earth’s* orbit. 
It is very far from unlikely that but for these influences? 
the Eartli would long since have l;)een rendered unfit, 
through a species of exhaustion, for being the abode of 
^living creatures. But as it is, continents become 
oceans, and oceans continents, one hemisi^here inter- 
changes with another the office of supplying the chief 
proportion of land surface ; activity is followed by rest 
and rest by activity ; and so through countless cycles 
this globe has been and will continue to be a fit abode 
for innumerable races. On the other hand, we mitrht 
dwell on the influence which the Sun’s mighty attrac- 
tive influences exert in gathering in from all sides 
abundant supplies of motive energy, to recruit it jrnay 
well be, his seemingly cxhaustless stores of heat and 
light and chemical activity. 

But without dwelling further in this place on themes 
of which some will find a place in other chapters, while 
others — interesting and fas'einating though they be — 
must^yet be regarded as lying outside the range of our 
subject, let us proceed at once to consider what the 
Sun’s true influence is, by virtue of that principle of 
gravitation which causes every particle of his mass to 
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aid in attrp-cting all bodies within the sphere oi his 
influence. 

In one sense it may be said that the sphere of the 
Sun’s influence is all space. According to the present 
conceptions of the power of gravitation, there is no ])ar- 
ticle of matter throughout the whole universe which 
does not feel the attractive influence of the Sun (as 
indeed of every particle of matter). But to all intents 
"and purposes the Sun’s reign may he regarded as 
limited. His inflii^iice on the stars is not merely 
minute so far as the amount of motion it is capable ol 
producing in any given interval is concerned, bu tjtj g^ 
to he regarded as the influence of a peer among peers, 
not of a king over his subjects. The results of the 
mutual attractions of the stars may he, and doubtless 
are, of the utmost importance, but they do not belong 
to the history of the Sun as a ruler. On every side, 
then, the Sun’s rule is limited — for in all directions 
there are stars, and the sphere over which each star* 
rules, is as definite as that governed by the sun, so 
thajin each direction we come upon regions where his 
influence is subordinate to the influence of some other 
orb.* 

* It is sometimes said that a tody like a comet can pass from tlu' 
sway of one star to come permanently under the dominion of onr Sun or 
of another star, and viceversS, ; bu+^setting aside the case of intorfcreiico 
with, such a body through the action of a planet, or by reason of utmo- 
spheric resistance near the Sun, or the like, this can never happen. For 
let us suppose that a comet is passing from the sphere of one ' star’s 
influence to that of the Sun’s. Then it cannot he moving on a closed orbit 
around the Sun, at this time, for if so it is already subject to the solar 
dominion, contrary to our supposition. It must then bo travelling on a 
hyperbolic or parabolic orbit around the Sun and so must eventually pasn 
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Blit it is desirable to know wkat sort^of influence 
the Sim would exert even at distances beyond the 
limits ot' his direct control. Let us set ourselves to 

c 

form adequate conceptions of the Sun’s energy of' 
irravitation. '* 

The measure of all gravitation is that force which 
the Earth exerts as wc know to draw bodies to liei- 
surface.'^* We must therefore first ascertain what pro- 
])ortion the energy of the Sun's attraction bears to that 
familiar attractibn exerted bv the Earth. 

T- 

Eor this purpose we may proceed either directly by 
^ompaidng the amount of velocity which the Earth’s 
atLi’action communicates to falling bodies^ with the 
actual motion towards himself which the Sun causes 
in the case of any planet ; or indirectly by comjiaring 
the motion of any planet ronnd the Syfi with the Moon’s 
motion round the Earth. I select the second method 
iis being the simplest.^ I adopt also a way of apply- 

wliolly away from his dominion. It follows tluit, sotting aside tho above- 
mentionocl iafluoncos, a comot whicli truYclB in an unclosed orbit ronncl 
ono star can never travel in a closed orbit round any star, hut will cou- 
tinuo to tlit from star to star Ihrougli all time. 

* It is worthy of notieo, however, that th.o other motliod, though 
seldom applied, is in oifoct qiiitc as availahlo as tho method iu which 
rtference is made to tho IVToon’s motion. Tims wo kuow that in ono 
second a body falls about IG'l foot towards tho Earth, acquiriug a velo- 
city of twice this numher of foot, or 32*2 foot per second. Now tlio 
Earth circuits tho Sun at a rato of about eighteen niilos por second, and 
supposing e / (fig. 19) to roprosont this diatanco on the orbit c d e, then 
CL, obtained by drawing a perpendicular from d on tho diameter e s k, 
reprostnts the amount by which in effect the Earth has boon drawn to- 
wards s, and a velocity of twice cx per second ineaHurcs the Sun’s gravity 
at the distance sc. Hut by Euclid vi. 8, (!,d is a mean proportional 

between e l and k ; in other words, 0 0 is equal to 5 and tliereforo 
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ing it by Avlncli certain difficulties of conception arc 
removed. 

The Earth at a distance from the Moon oi about 
23 8 58 00 miles has power to change the direction of the 
Moon’s motioifiL through four right angles in 27'322 
days, the Moon moving in her orbit round the Earth 

the Sim’s gravity at e is measured by a velocity of p^r second, 

or in feet • Hence at a distance equal to the Earlli’s 

radius, the Sun (supposing allhis mass collected at ofie point) would exert 

a force represented by a velocity of about ^ ^ 760 x 3 x 91,50^0,000 

( 4 , 000 )'‘' 

foot per second, which reduces to 9,783,180 feet (or about 1,853 niilcH 
per second). Comparing this with the measure of the force of 


Fig. 19. 



trial gravity, or 32*2 feet, we see that the Sun’s mass must be, accorejing 
to this rough process, ftilly 300,000 times as great as the Earth’s. As 
a matter of fact it is estimated at 315,000 times the Earth’s, a result we 
should have closely approximated to had we taken the Earth’s radius at 
3,960 instead of 4,000. 

The following general theorem is often useful. Take r the Earth’s 
radius, b her mass and y terrestrial gravity, r the radius of a circular 
orbit described by a body of mass m, about a larger body of mass m 
with velocity -y (in feet per second). Then the attraction between tlio 
bodies, or the gravity of m towards m, is represented by the expression 

and the mass m: + m is equal to e. If relatively very small 
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with a velocity which we may represent by 
Now the Sun at a distance from the Earth of about 
Ol^SOOjDdO miles has power ^to change the direction of 
her motion through four right angles in 365*256 days, 
the Earth moving in her orbif with a vefecity which we 
may represent by -afS’. Now clearly, since gravity 
varies inversely as the square of the distance, the Sun 
would require (were other things equal) to have an 
attractive power greater than the Earth’s in the rati^j 
produce the same eftect on her that she 
produces on the Moon ; and secondly, since to change 
J;.he direction of a body’s motion through any angle is a 
work which will be done at a rate proportioned to the 
force which operates, it is clear that the Sun’s attractive 
power would have (were other things equal) to be less 
than the Earth’s, in the ratio .,55', to Sccomplisli in oho 
sidereal year what the Earth accomplishes in one 
synodical month ; while lastly, since the faster a body 
moves the greater the force necessary to deflect its 
course through a given angle, it is obvious that the 
Sun’s attractive power would have (were other things 
equal) to be greater than the Earth’s in the propoi'tion 

r 9i,r,oo,oflo mfloo fUnt in tlie ratio to 

m-sso ^ uiar is, lu rue i a no aa»,B(M)x:io5‘ii6« 

(as in tho case of the Earth compurod witli tlie Sim), and the rndiuH 
of tho larger mass is p, then gravity at the surface of tho larger mass is 

equal to — 

P- 

* "^0 need not trouble ourselves to determine tho velocity in miles 
per second, or minute, or hour; hocauso relative and not absolute 
velocities are in question. Hence we can represent tho Moon’s velocity 
hy tho radius of her orbit divided by tho period, provided wo represent 
the Earth’s velocity in like manner. 
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produce a giyen chaBge on the quickly moving Earth in 
the same time that the Earth produces such a cliango 
on the less swiftly moving^ Moon. Ifow we have only 
to combine these three proportions, wliich take into 
account every ^^circumstarfce in which the Sun’s action 
on the Earth differs from the Earth’s action on tlu^ 
Moon, in order to deduce the relation between the 
Sun’s real attractive energy, and the Earth’s (%t ecpial 
distances from the centre of either). This gives tlie 
proportion Sw "-- x which reduces to 314,798, in 
which proportion the Sun’s mass exceeds the Earth’s. 
We may take 315,000 (the value given in tables 
the elements) as representing in round numbers the 
true . proportion, which as it depends on the Sun's 
distance, cannot be determined so accurately that the 
last three figureS pf the number can be regarded as 
significant. 

At equal distances, then, the Sun exerts 315,000 
times as much force on any body as the Eartli. So 
that if the Earth’s mass were as great as the Sun’s, her 
dimensions remaining unchanged, a mass which now 
weighs one pound, would weigh more than 14^ tons. 
A man now of average weight would be crushed down 
by a weight of more than 20,000 tons. A body, if 
raised but a single inch and let fall, would strike the 
ground with a velocity thre^ times as great as that of 
the swiftest express train. 

But now that we have thus ascertained the propor- 
tion which the Sun’s attractive energy bears to that 
exerted by the Earth, and so are able to measure the 
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Sun’s might as ruler over his system by; direct com- 
parison with the familiar force of terrestrial grarity, we 
must endeayour to form an^ estimate of the extent of 
force exerted by the Sun at different distances. Wc 
are to inquire what |^re the limits of the^un’s effective 
reign, not as regards distance * alone, but as regards 
also the activity of matter, — that is, the velocity with 
which if is travelling- 

We may begin with the Earth. We know that the. 
Earth is completely subject to ^he Suifs attraction. 
Notwithstanding the inconceivable velocity with which 
^he moves, and therefore the inconceivable energy of 
the tendency she has to travel onwards in a right line 
and so to free herself from the Sun’s control, she is 
compelled to travel in a nearly circular course around 
him. At one time her velocity ha^ reached its maxi- 
mum and she has power for awhile to increase her 
distance from the Sun. But she has derived that very 
power from him. Anon her speed is reduced to its 
minimum, and then she is compelled slowly to ap- 
proach the ruling centre. But throughout lier course 
there is one constant relation from which there is no 
escape. The Earth’s velocity and distance arc the two 
quantities which measure the extent of the Eartli’s 
partial freedom. When one is reduced, the other is 
increased, and vice vers&y in such sort that there is 
absolutely no change in Her condition regarded as 
depending on these two combined relations. The one 
law from which there is no escape, let distance and 
velocity change as they may during the Earth’s circuit 
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around the is that her period of revolution con- 
tinues unchangeable^ — and therefore her mean distance 
also."^' 

We maj then take the Earth’s mean distance as 
measuring her^ freedom from complete solar control — 
complete control being understood to be such an over- 
whelming influence on the Earth as would force her to 
fall directly upon the Sun. And while the^ Earth’s 
jnean distance thus measures her partial freedom, the 
shortness of the period in which she completes her circuit 
measures the amount of the Sun’s power over her. Her 
mass may be regarded as having nothing to do with 
either relation. Increase of mass, so far as it woxild be 
eifective at all, would tend to increase the streno*!!! of 

o 

the bond uniting the Earth and the Sun, and to 
diminish the pefigid of the Earth’s circuit. But re- 
membering that the Earth’s mass is a very minute 
fraction of the Sun’s, it may be disregarded wholly. 
A body no larger and heavier than a peppercoim, if 
projected with the same velocity and on the same 
course as the Earth would continue to travel in 
precisely the same path and period around the Sun. 

W e have next a law for our guidance which is of' 
a very remarkable character, and the recognition of 
which will be found to throw a most important light 

* Or we may say in preference that the one law from which there is 
no escape is the law connecting the Earth’s velocity y at any time, with 
her distance e from the Sun at that time, and a certain fixed quantity a 
which is her mean distance. This law is thus expressed mathematically: 

^ accelerating force of the Sun at the unit 

of distance. 
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on all the relations of the planetary schenje. It is this : 
Given the distance of a body from the Sun, and the 
velocity With which the body is travelling, then — let 
the course of the body be what it may (so long only as 
it does not bring the body irfto actual contact with the 
Sun), the period of the body’s revolution is assigned. 

The Earth’s greatest velocity and her least corre- 
spond tSierefore — as truly as her mean velocity — with 
her period; and further, we need not trouble ourselvQS 
about the direction of her motion at any time, for if this 
direction were altered by the action of some external 
fierce, while yet her velocity remained unchanged, she 
would continue to travel in the same periodic time 
around the Sun, and at the same mean distance. 

So that if we take the Earth’s greatest velocity when 
she is in perihelion (18*5 miles per sp6ond), we have the 
velocity which is necessary in order that a body about 

90.000. 000 miles from the Sun may travel once in a 
year, or at a mean distance of 91,500,000 miles, round 
the sun ; and if we take her least velocity (17*9 miles 
per second) when she is in aphelion, we have the 
velocity which is necessary in order that a body about 

93.000. 000 miles from the Sun may travel once in a 
year round the Sun ; while the Barth’s mean velocity 
(18*2 miles per second) at her mean distance is tlio 
velocity necessary in ordefr that a body at that distance 
may have a period of one year. 

will now take only the mean distance and the 
mean velocity. We see that at a distance of 91,500,000 
miles a body requires a velocity of 18*2 miles per 


second if it Js to have a mean distance of the same 
alnount. So that clearly if it were projected square 
to a line from the Sun it would never change its dis- 
tance ; for it would have exactly the right velocity and 
exactly the ri^ht direction for travelling in a circhi 
ai'ound the Sun. The Earth when at this distan(‘-c, 
though travelling with the right velocity for the 
required mean distance, is not travelling squS^re to a 
line from the Sun, and so does not travel in a circle 
around him. But we have learned fr&m her motion 

r> 

what is the just rate at which a body should be pro- 
jected so as to travel in a circle round the Sun at 
a distance of 91,500,000 miles. 

Now how much must this velocity be increased in 
order to enable a body at this distance of 9 1,500, ()()() 
miles to pass whdily from the control of the sun ? If 
we can determine this we shall have determined the 
limits of the Sun’s influence at this particular distance. 
Over bodies moving with a velocity below that limiting 
velocity he is completely master; let them travel 
onwards as they may, increasing their distance from 
him more and more, there is yet a limit to this increase. 
Their absolute velocity will become less and less ; it 
will become at last such, that if their direction of 
motion were but changed they would thenceforth con- 
tinue to describe a circle arc^ind the Sun ; still it will 
go on diminishing, until at length they reach their ex- 
treme range of distance, after which they will be 
brought back through all the orders of distance tiiey 
have passed through, and finally return to the place 
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they started from, to pursue the same roiyid for ever. 
But if their velocity do but equal or exceed the limit 
we ar^ dealing with, they will tra^'el onwards — with 
ever-diminishing velocity, it is true, but still — with 
ever-increasing distance, /or 

It might be supposed that a very great increase of 
velocity would be required in order that the Earth 
should be thus (unfortunately for her inhabitants) re- 
leased from the Sun’s service and sent to wander freel>' 
through space.* But in reality it would not even bo 
necessary that her velocity should be doubled ; an in- 
crease by one half Would be more than sufficient to frec^ 
the Earth for ever from enforced periodic revolution 
around the centre of our planetary scheme. The exact 
proportion of increase necessary to effect this is repre- 
sented by the proportion in which the diagonal oT a 
square exceeds the side,"^ which we know to be repre- 

Tho following simple fornmla coiivouiGiitly oxprcsKOH the I’clat ion 
between the mean distances a and a* of bodies which ata distanoo 'rfi’oiu 
the Sun are travelling with tho velocitioB v and v' rospoctively : 
a' (2a— r) : a (2a' -r):: : v'\ 

ISfow supposing the velocity v to be such that a circ'h^ woiild 
described about tho centre of motion, if tho body travelled square to the 
lino from that centre, thou obviously a is equal to r ; so that tho above 
rohition bocomos 

a' : 2a'— : t;'-; 

and thoroforo 

Now clearly if wo increase 'y' until 'if* is equal to ‘Iv'^ wo make tho fourth 
term gradually diminish until, it vanishes; so that the third at last 
bears* an inhiiitoly great proportion to tho fourth. Bub in this case 
tho first will boar an infinitely groat proportion to tho second ; in other 
words, a! will be infinitely groat. Hence tho period of the body will 
have become also infinite (by Kepler’s third law) : or in other words tlie 
body will never return to its starting-place. Therefore, it follow« that 
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sented ntim^-ically by the proportion in which 1414 
(pretty nearly) exceeds 1000. 

So that if the Earth when at her mean distance liad 
her velocity suddenly increased from 18*2 miles per 
second, to 25^7 miles or thereal;ioutS 5 we should be 
carried thenceforth continually farther and farther a\vay 

if v be the velocity with which a body will describe a circle at a 
distance r from the Sun, the greatest possible velocity winch a body 
can have at a distance r from the Sun, so as to travel on a closed orbit 
around him is 'V^2; and if a body is observed_ to travel with any 
greater velocity at such distance we know with certainty that that 
body has entered the domain of the Sim, with a velocity imparted to 
it by extra-solar influences. 

If in the above proportion is greater than 2v\ we see that (/■ 
must have a negative value. This means that the centre of the path 
described by the body lies in the direction contrary to that in which 
the Sun lies. And knowing that the path must needs be a conic section 
with the Sun in a focus, it follows that the path of the body must be 
hyperbolic, the Sun Ij^ing at that focus which is next to the branch 
traversed by the body. 

Of course in this case as in the former the body will never return. 
But there is a noteworthy distinction between the two cases. When tlie 
axis of the orbit is infinite, the body describes a parabola, and if it 
could be traced from the Sun as it approached from an indefinitely gr(‘at 
distance to its nearest point and then passed away again to an infinitely 
great distance, the point to which it seemed to pass away would ho pre- 
cisely Jibe same as that from which it seemed to come, and these coinci- 
dent points would lie directly opposite the point of nearest approach. 
(This is obvious, because if lines bo drawn from the focus of the 
parabola to two points of the curve equally and enormously removc-d 
from the vertex, these lines will enclose an indefinitely small angle 
and will approach indefinitely near to coincidence with the axis.) On 
the other hand, a body approaching and then passing away on a hyper- 
bolic orbit will seem to come from one point of the heavens and to pass 
away to a diflPerent point, the bisection of the celestial arc between these 
points lying directly opposite the point at which the body makes its 
nearest approach; and for a given distance of this nearest point, the arc 
separating the two former will be the greater as the velocity of the body 
when at its nearest is greater ; becoming equal to two right angles wlien 
this velocity is infinitely great. 


I 
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from the light and life of the planetary scheme. Prom 
Mars and Jupiter, and perchance from Saturn, Uranus, 
and Neptune, the unhappy (jfireer of the Earth might 
be traced for many a long year (though years— at least 
terrestrial ones — woi^^d then he no mor^. But lono- 
before the Earth crossed die confines of those distant 
regions along which the outer planets pursue their 
career, all the higher forms of life would have vanished 
from her surface. She would still rotate ; day and* 
night would still* succeed each otl^er on her surface ; 
but the orderly sequence of the seasons would be re- 
nJaced by the continual diminution of solar light and 
heat, until a cold more intense than that of the bitterest 
Arctic winter would bind the world in everlasting frost. 

A similar fate would befall us if the Sun’s maafi 
were suddenly reduced in the proportmn of about 1,000 
to 1,414 ; the only difference being that in this case we 
should have companions in our troubles, for Mars and 
Venus and Mercury would all forthwith start on para- 
bolic paths, carrying them away to infinite distances 
from the Sun. Nor would the larger planets esc^e. 
Prom their distant orbits they would rush off into 
outer space, carrying their systems of satellites with 
them ; so that if I have been right in regarding these 
orbs as acting the part of secondary suns to their satel- 
lites, the latter would be le^s unfortunate in their fate 
than tjic four minor planets, for these would have no 
sun at all, while the former would still enjoy such heat 
and light as their ruling centres could supply to them. 

It is not without a purpose that I have thus dwelt 
G 
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on the general result of a sudden diminution of the 
Sun’s mass. The consideration that all tlie_planets 
would thus at once be freed from their allegiance if the 
Sun’s mass were reduced, leads us to the consideration 

• 'V 

that each plamet’s velocity need^ but be increased in 
the proportion of about 1,414 to 1 , 000 , to lead to a 
similar result. And thus we see that the Sun’s in- 
fluence at the distances of the successive planets is 
limited to the control of bodies moving with a velocity 
bearing such a relation to the velocity of the respective 
planets. So that we have only to draw up a table of 
the distances and mean velocities of the planets, and 
to increase the latter quantities in the proportion of 
about 1,414 to 1 , 000 , in order to have a representation 
of the gradual jp^diminution of the Sun’s influence at 
greater and greater distances. The table runs thus : — 


Planet 

Mean distance in 
miles 

Mean velo- 
city in miles 
per second 

Velocity in- 
creased as 
1,414 to 1,000 

Mercury 

36,392,000 

29*3 

41-4 

Venus 

66,134,000 

21-4 

30’3 

The "Earth 

91,430,000 

18-3 

25’9 

Mars 

139,311,000 

14-7 

20*8 

The Asteroids .... 

250,000,000 

11-0 

15*5 

Jupiter 

476,692,000 

8-0 

11-3 

Saturn 

872,137,000 

6-9 

8-3 

"Dranus 

1,763,869,000 

4*2 

5-9 

Neptune 

2,746,998,000 

3'3 

4*7 


We see from this table that if the three outermost 
planets could only have imparted to them the velocity 
of the minor planets, they would be freed from their 
allegiance to the Sun, and pass away on hyperbolic 
orbits. But with the exception of Uranus there is no 
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planet which would be thus freed (absolulely) if it had 
iiuparted^to it the velocity of the w.xt inner one.* 

But the above table ha» only been presented by 
way of introducing a more general law. What the 
table teaches us re»pecting special distances we can 
deteimine for all distances from the Sun, by a simple 
application of Kepler’s third law and its results. 

Thus, suj)pose we wish to determine the maximum 
velocity which the Sun can control at a distance half 
that of the planet Mercury. Tlren the law that the 

* It is a rather singular circumstance that the maximum velocity 
♦hich the .Sun can control at the distance, of any ono of the four outer 
planets should correspond so closely as it -does with tho actual velocity 
of tho planet whose orbit lies next within. We see that if Neptuno 
could have the velocity of Uranus, he would ho almost wholly freed 
from his allegiance ; Uranus would be just freed jf ho had tho volociiy 
of Saturn; Saturn would bo almost wholly frocfl.if ho had tho velocity 
of Jupiter ; whilo J upitor would bo almo.st wholly freed if ho had tho 
velocity of those asteroids which travel at a mean distance. And thero 
is a tendency, though loss marked, to tho same relation among tho 
remaining planets. Uomemboring that tho velocity a planet would 
reqtiire for freedom is that with which a body approaching on a para- 
bolic orbit from an infinite distance would pass the moan distance of 
that planet, wo have tlmmghout tho solar system a tonduney (very 
marked among the outer membors) to this remarkablo relation, that tho 
velocity with which a body approaching from infinity would cross tho 
orbit of any planet should bo tho same as tho actual velocity of tho 
next inner planet. It need hardly be said perhaps that this relation 
directly results in tho law to which Bodo’s law approximates for tho 
outer planets. Thus, if tho outermost planet had a distance d and a 
velocity V, Uie next minor planet would have a velocity vV2 corre- 
sponding to a moan distance” and so on. But in tho law of tho 

duplicafion of the distanoos outwards there is no direct physical signifi- 
cance, whereas it is possible to conceive that tho law as presented above 
—that is, regarded as associated with the velocities— may be associated 
also with tho processes by which the solar system has reached its pre- 
sent condition. 
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cubes of the distances are as the squares of the periodic 
times shows us that the period of a planet at^such a 
distance would be to Mereury’s as 1 to the square root 
of 8 (or twice the square root of 2). Since, tben,^ 
the actual circuit of such a planet would be half that of 
Mercury, its velocity would exceed Mercury’s in the 
proportion which the square root of 2 bears to 1,* or 
about 1,414 to 1,000. This would correspond to a 
velocity of 41-4 miles per second ; and the greatest 
velocity the Sun cov>ld control at this distance would bo 
obtained by increasing this velocity of 41-4 miles per 
second in the proportion of 1,414 to 1,000. It woulf? 
therefore be 59-6. This shows how we can measure*, 
the Sun’s controlling energy for any distance. But it 
also establishes ^ very important general relation. It 
appears that when we halve the distance, we have, in 
order to determine the velocity which the Sun can 
control, to increase the velocity at the greater distance 
in the proportion of about 1,414 to 1,000. And there- 
fore when we take one-fourth of the distance, we must 
increase the velocity tioice m this proportion. But 
this amounts to doubling the velocity, since this pro- 
portion is that of the square root of 2 to unity. 
Hence we have this general rule, that the velocity 
which the Sun can control is doubled when the distance 

* This illustrates the general law that if two planets have moan 
distances d and d! respectively, and mean velocities v and v' respectively, 
then 

V \ : d^. 

. Clearly this is so, since the periodic times are as to and the 
velocities, therefore, as d-^d^ d' -r-d^. 
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is reduced to one-fourth, and we can see at once how 
enormously the velocity must increase in the Sun’s 
immediate neighbourhood.* 

Thus, at a distance of 8^848,000 miles (one-fourth 
that of Mercury), the velocity the Sun*can control, so 
as to compel a body to move in a closed orbit around 
him, is 82-8 miles per second ; at a distance of 2,212,000 
miles if is 165*6 miles per second; at a distance of 
553,000 miles it is 331*2 miles per second. But this 
brings us ver/ close to the Sun’s surface — since it is 
from his centre all our distances are measured — and his 
jradius is about 426,450 miles. The actual velocity at 
his surface — that is, the velocity which he could just 
control so as to compel a body to travel in a closed 
orbit just touching his surface — is easily obtained from 
the formula given in the preceding pote. It is no less 
than 378*9 miles per second; and this is the least velo- 
city with which a body must be projected from the Sun 
in order that it may never return to his globe again. 

^ It nocd hardly he said that this result might have been obtained 
directly from a consideration of the law according to "which gravity 
diminishes with distance. But apart from the fact that the mere dry 
reasoning by which the result would have been established would have 
had little interest t,o the general reader, the particular path which I 
have solcctod to follow has the advantage of introducing a number of 
independent relations, and of showing how the various matters dealt 
with bear upon each other and upon the general subject of the chapter. 

The general law connecting disfhnco with the velocity which the Sun 
can control is as follows : — Let d represent the Earth’s mean distance ; 
V he» velocity at that distance in miles per second ; d any other dis- 
tance. Then the velocity which the Sun can control (so as to compel a 
body to travel in a closed orbit round him) at a distance d is 

v^/ - 

D 
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Thus the Sun^ which at the distance of JNTeptimecan 
control a velocitj of but 4*7 miles per second, can 
control close by his own surface a velocity eighfy times 
as great. At a distance four times as great as Neptune’s, 
a velocity of ^2-4 miles "per second would suffice to 
enable a body to pass away to an infinite distance from 
the Sun. But even this velocity is enormous and almost 
inconceivable. If we seek to know in whalf ree^ions 
the Sun could barely control velocities such as we are 
familiar with (by which I mean such Velocities as the 
eye can appreciate, not velocities— as of cannon balls 
or the like — which we speak of without appreciating]^ 
we shall find that such regions lie at enormous dis- 
tances. A body moving at the rate of our swiftest 
express trains (say 60 miles per hour) would be 
compelled to tfayel in a closed orbit around the 
Sun unless its distance from him were no less than 
220,507,500,000,000 miles, a distance some ten or 
twelve times exceeding that of the star Alpha Cen- 
tauri.^ 

^\^e have seen that the Sun can control the motions 
of a body travelling with a velocity of less than 378*9 
miles per second close by his surface in such sort as to 
compel that body to travel in a closed orbit around him. 


* At half this distance a planet travelling in a circle round the Sun 
would have a velocity eq^ual to that of an express train ; hut if such a 
planet traveUed in the plane of the ecliptic it would be unable to com- 
plete a circuit round the Sun on account of the disturbing influorTces of 
the star Alpha Centauri, which, being at only one-fifth of its distance 
from the Sun, would lie nearer to some parts of its circular orbit than the 
Sun does. 
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always coming close by him at each return. That is 
the maximum velocity a body can have* under such 
circunlfetances. It is also the greatest velocity a body 
can acquire in approaching the Sun, under his attrac- 
tion alone, from an infinite distance and starting from 
rest. Now, the least velocity a body can have so as to 
travel close by the Sun is' clearly that which would 
allow th« body to travel in a complete circle around the 
Sun and close to his surface. W e obtain this by simply 
reducing 378-9*in the proportion of 1,000 to 1,414; the 
required velocity is therefore 268 -“b miles per second.* 
Such are the limits between which the velocities of all 
bodies travelling around the Sun so as just to graze his 
surface must necessarily lie.t NT or can any mass reach 

* Tt may perhaps he nocossary to point out tjjat in a statement^of 
this sort, 268'0 is not strictly tho same as 26i^. The former implies 
that the velocity lies between 208*05 and 267*95 ; the latter would imply 
that the velocities lie between 208*5 and 267*5. 

t It may bo interesting to inquire how far from the Sun a body 
would reach if projected vertically -with a Telocity which would just 
('liable a body projected horizontally to complete the circuit of the Sun. 
The problem is exceedingly easy. Such a body would move as if 
travc^lling on an orbit having a moan distance equal to the solar radius. 
Conciiiving the Sun’s mass all collected at his centre, the hody would, 
after passing to its greatest distance, return to the centre, round which 
it would circle with (for a moment) an infinite velocity, and so return 
to its aphelion. The aphelion distance, therefore, from the centre must 
bo equal to the Sun’s diameter, and the greatest distance attained from 
the Sun’s real surface must be equal to the solar radius, or more than 
425,000 miles. Tho rotation is i9ot here considered. It would not, 
however, affect tho distance attained by the hody, though it would 
affect Jho real path by which that distance would be attained. We can 
in like manner determine the distance to -which a hody projected -with 
any ether velocity would roach. For we can determine by means of 
the formula in the note at page 84 what the mean distance correspond- 
ing to this velocity at such a distance from the Sun would he, and so (as 



him from wjithout, whether gathered directly out of 
space by his attraction, or reaching him after passing 
through any number of :^orms of orbital motion due to 
the perturbing influences of the planets, ivith a velocity 
exceeding 37ff'9 miles per seconi^ unless such a mass 
had already had motion communicated to it before the 
Sun began to act upon it. In like manner, no body 
can reach any given distance from the Suh with a 
•velocity greater than that deduced according to the 
above-discussed considerations, as the limiting velocity 
the Sun can control, unless that body had started on 

f 

before) we can determine the greatest height attained by the projectile. 
!But there is a simple and conyenient formula for this purpose, thus i— 
Let y be the velocity of pi'ojection, gf the accelerating force of gravity 
at the Sun’s surface, b the Sun’s radius, and h the height attained by 
tike body ; then 

*' V* = 2crB . — — 

B + H 

If the reader prefer a formula in which the quantity ff does not 
directly appear — so as to avoid the necessity of considering the value of 
terrestrial gravity (from which g is deduced) measured with reference 
to feet and seconds— we can easily get a convenient formula. Thus, we 
have 

• v^ = 2 ^h — 5 — 

^ E + H 

and therefore from what has just been shown it follows that 
(268*0)2= 2 ^e-±_ 

B ■+■ B 

(a mile being supposed to be the unit of length in the value oig and a 
second the unit of time). Therefore, dividing, we have 

v=^=2 (268*0)2— 5-. 

■B + H 

(very convenient for finding v when h is given); and since 2(268 0)2 
is equal to 143,648, we have, for finding h when v is given 
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its journey towards the Sun with a velocity communi- 
cated beforehand, and by the influence of other attract- 
inff or^s.’ So that if it has been demonstrated, as many 
believe, that some of the meteors which reach our 
atmosphere travel l^irough it with a velocity greater 
than 25-9 miles per second, superadded to the velocity 
with which the Earth meets them (which, according to 
the direction of impact, may have any value up to 18-5 
miles per second), then that body comes to us with aij. 
intersidereal velocity, so to speal^ in addition to such 
velocity as the Sun has communicated. For example, 
#f a meteor penetrate our atmosphere with a velocity 
of 50 miles per second, coming full tilt against the 
Earth when she is near perihelion, then 5 '6 miles per 
second at least of that velocity was communicated to 
the meteor by other orbs than our ^un. 

It will naturally occur to the reader to inquire at 
this point what is the least velocity with which a 
meteor can travel when at the Eai-th’s distance from the 
Sun. For clearly if meteors moving with velocities 
exceeding the greatest which the Sun s attractive 
energies can give, afford information of an extra-solar 
force to which such meteors have been subjected, so 
also meteors moving more slowly than any which 
could circle around the Sun would have to bo regarded 
as indicating the action of some other force than solar 
attraction. Now, if we suppose a body travelling in 
the 'Earth’s orbit, and as fast as the Earth, to have its 
velocity xTicvtascdy we have seen that its orbit must 
needs have its greater axis increased, and will become 
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parabolic if the increase of velocity be great enough. 
In fact, an increase of velocity makes the point where 
the increase takes place the perihelion of the heftr orbit. 
And obviously a decrease of velocity will make the point 
where the deorease takes place the aphelion of the 
new orbit. Tlius, suppose the body is at E (fig. 20) and 
travelling along the Earth’s orbit E e' about the Sun 
at s, when it suddenly receives an impulse en wards, 
then its new orbit will have such a shape as e e, e being 
the perihelion. But if the body is checked when at 
E, the new orbit will be of such a figure as E e', the 


Fig. 20 . 



aphelion being at E. And the question wo have to 
determine is, how great the reduction of velocity can 
be in order that the revolution of the body in an orbit 
may not be prevented. Clearly there is no limit to 
the reduction except that resulting from the size of 
the Sun. If the body can but pass clear round the 
Sun’s globe, it will’-teturn U the point E, and (neglect- 
ing perturbations or resistance as it passes tlirough 
the Sun’s atmosphere) it will continue to circle in this 
way for ever. We have to determine what velocity 
at E is necessary for this purpose ; and obviously, as a 
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body moving more slowly at E would not j)ass clear of 
the Sun at s, so also, tracing its path back, it could not 
have aftrived along a course clear of the Sun’s globe ; 
and the only interpretation of its motions would be 
that it had been projected angularly ft onv the Sinds sur- 
face with sufficient velocity to reach the Earth, It is not 
difficult to calculate the least velocity with which a 
body could travel when at the Earth’s distance on an 
orbit just graying the Sun’s surface.* This velocity i^ 

* There are inany*'vvays of attacking tlio proLlom. The best, perhaps, 
for our present purposo is the following : — 

It is obvious that if a body be projected tangentially to the Sun’s 
igrrfaco with such velocity as to just reach tho Earth’s orbit when at its 
gri»atost distance from tho Sun, it would continue to revolve in such an 
orbit us we are inquiring into. Now, in order to determine tho velocity 
of projection requisite for such a result, wo may apply tho formula in 
tho preceding note, remenibtTing that if a body projected vertically 
upwards from tho Sun would r(!ach to a luiigh% h, a body projected 
horizontally with tho same velocity would trand in an orbit having a 
moan distance equal to ^ (in-xt) wlioro b is tho Sun’s radius; so that 
we require our body to bo projected tangentially with such velocity as 
would he required to project a body vertically to a height equal to tho 
Earth’s mean distance i) (say) from tlie Sun’s cent7'e, since the required 
orbit is to have a mean distance equal to ^ (n +• it), Hence, by tho 
formula for v in the preceding note wo have 

whence we find tho required velocity of tangential projection equal to 
369 miles per second ; and wo note in passing that such a velocity us 
this would be required to project a^ body from tho Sun to tho Earth’s 
distance. Now, this is the periholion velocity of our projectile, when at 
a distance of 425,000 miles from J;he Sun’s ^tro. In aphelion, its 
distance is 91,600,000 miles (approximately) ; CTteo from Kepler’s first 
law its velocity there will be 

359 miles per second, 

91,600,000 ^ 

or about 1*85 miles per second, which is almost exactly one-tonth of 
the Earth’s velocity in her orbit, but considerably exceeds the Moon's. 
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about one-t^nth of that with which the Earth moves in 
her orbit, or 1*85 miles per second ; and no body can 
possibly reach the Earth with a smaller real velocity 
than this, unless actually projected from the Sun. A 
smaller relative velocity might very well be observed 
however. For example, a meteor travelling very 
little faster than the Earth might overtake her, and so 
seem to enter her atmosphere very slowly. ^ And ob- 
^^servations seeming to indicate that the real velocity of 
a meteor was less than 1*85 miles per second, would 
need to be very strongly confirmed before they would 
be accepted by astronomers ; since to reach the Earth 
a body must be projected from the Sun xoith a velocity of 
about 360 miles per second. 

Here, having already passed the limits I had pro- 
posed to my self, in dealing with the subject of this 
chapter, I draw it somewhat regretfully to a close. It 
would have been easy to extend the chapter so as to 
have occupied a volume twice the size of the present, 
and yet to have discussed no well-worn facts. The 
whole subject of the Sun’s rule over the space surround- 

This velocity would, however, be somewhat increased by the Earth’s 
attraction. It is to be noticed, that the Moon’s velocity in her orbit 
being about §ths of a mile per second, the greatest velocity the Earth 
can control at the Moon’s distance is but about JJths of a mile per 
second; so that no body moving to the Earth’s neighbourhood under the 
influence of the Sun’s attraction cah by any possibility be compelled by 
the Earth to travel in an orbit around her unless it comes much nearer 
than the Moon. The maximum velocity which the Earth cudt control 
close by her surface is, however, about seven miles per second ; so that 
bodies having the aphelion of their orbit nearly at the Earth’s distance 
and the perihelion close to the Sun’s surface, could, if they happened 
to come close by the Earth, he compelled to circuit in an orbit round her. 
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ing him has remained in a sense almost untouched, until 
lately its significance began to be recognised by 
Mayer, ^raomson, Waterston,^ and others. Even these, 
however, have dealt rather with the limits of activity 
possessed by bodies ^close to* the Sun’s'^surface than 
with the velocities which measure his influence at 
greater distances. For my own part, I find a wonder- 
ful interest in the ideas suggested by the Sun’s activity 
throughout the whole range of his wide domain. The, 
velocities to whfeh I have referred in this chapter as 
those which the Sun can control are also those which he 
(jan generate. We have to think of him, therefore, as 
capable of drawing towards himself all such cosmical 
matter as comes under his exclusive attraction either 
by leaving the domain of some other star, or on account 
of his own motion through si)ace, ’ In so drawing 
cosmical materials towards himself, he imparts to them 
velocities such as we have been considering in the 
present chapter. The vaster the distances from which 
they come, the greater the velocities he imparts to 
them. As they sweep onward in their course they 
are subject to the influences of the planets — the patrols 
of the solar system — and under such disturbing in- 
fluences large numbers must be compelled to follow 
either temporarily or permanently true orbits (that is, 
closed curves) around the *Sun. But the majority of 
such visitants, whether comets or )neteors, must return 
to the sidereal depths after once paying their respects 
— in the full rush of their perihelion swoop— to the 
giant ruler of our system. It seems probable that in 
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this continual rush of matter^ this continual interchano'e 
of attendants on suns and stars, we may recognise the 
progress of processes exercising a most important in- 
fluence on the welfare of planetary systems. It is 
still more probable that the bodies which are finally 
drawn into the solar domain perform highly important 
functions in the economy of our own particular plane- 
tary scheme. But unless I mistake, the real significance 
«of the considerations we have dealt with in the present 
chapter lies in their bearing on the past history of the 
solar system. The rush of matter which we now re- 
cognise affords perhaps hut the faintest indication oi^ 
the amazing conflicts in which our system had its birth. 
Tracing back the history of that system, we seem to 
recognise a time when the Sun’s supremacy was still 
incomplete, when the planets struggled with him for the 
continually inrushing materials from which his sub- 
stance as well as theirs was to he recruited. yVe can 
see him by the mighty energy of his attraction clearing 
a wide space around him of all save such relatively tiny 
orbs^as "Venus and the Earth, Mars, Mercury, and the 
asteroids. IVith more distant planets the struggle was 
less unequal. The masses which flowed in towards the 
centre of the scheme swept with comparatively slow 
motion past its outer bounds, so that the subordinate 
centres there forming were able to grasp a goodly pro- 
portion of material to increase their own mass pr to 
form subordinate systems around them. And so the 
giant planets, Jupiter and Saturn, Urtous and distant 
ISTeptune, grew to their present dimensions ; and became 
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I’ecords at once of the Sun’s might as a ruli^r — for with- 
out his overruling attraction the material which formed 
these planets would never hag/e approached the system 
— and of the richness of the chaos of matter from which 
his bulk and theirs v^re alike* evolved. ?Lor is the con- 
sideration without a mysterious attraction that in thus 
looking back at the past history of our system we have 
passed after all but a step towards that primal state 
whence the conflict of matter arose. We are lookin^t^ 
into a vast abysm, and as we lool^we fency we recog- 
nise strange movements, and signs as if the depths were 
ihaping themselves into definite forms. But in truth 
those movements show only the vastness of the abysm, 
those depths speak to us of far mightier depths within 
which they are taking shape. ^Lo! these are biit^a 
portion of His ways ; they utter but a whisper of Ilis 


CHAPTER III. 

ANALYm'G- SUNLIGHT. 

0 

The researctes of telescopists have revealed many im- 
portant facts respecting the Sun’s constitution. Studied 
thoughtfully, these researches enable us to answer- 
many questions ’which at first sight seem to require 
more powerful modes of inquiry. But, undoubtedly, 
the science of solar physios is too vast and too difficult 
to be satisfactorily treated by telescopic research alone. 
The condition of the Sun is so different from that of 
any bodies we can experiment on, that his mere aspect 
and the telescope can show us nothing more — is in- 
sufficient to tell, us what his constitution may be. The 
pictijre of the Sun presented by the most powerful 
telescope resembles a book, full of meaning indeed, but 
written in an unknown language. The spectroscope is 
the means by which that unknown language has been 
in part interpreted. 

Let us consider what spectroscopic analysis really 
is. ^ It is scarcely possible to treat of any astronomical 
subject in the present day without describing the most 
powerful of all instruments of astronomical research ; 
but in the case of the Sun it would be hopeless to 
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attempt such a course. Spectroscopic analysis forms 
the very basis of all our ideas respecting solar physics. 
We m)ftt*thoroughly underst,and the mode in which it 
teaches, the meaning of its teaching, and the extent to 
which its teaching jpay be relied on, qj:herwise our 
views will be vague and unsatisfactory, depending 
rather on the statements of others than on any clear 
apprehension of their truth on our own part. 

For this reason I shall spare no pains to make the* 
explanation of spectroscopic analysis which follows as 
simple, and, at the same time, as complete as possible. 
There is, in reality, nothing difficult in the subject; 
but it cannot be denied that, considering its simplicity, 
it is not nearly so well or so widely understood as it 
might be, — a circumstance the more to be regretted 
because the whole history of recent scientific re- 
searches is a sealed book to those who do not clearly 
recognise the nature of the instrument by whicli those' 
researches have been effected. 

Newton was the first who showed that white light is 
a compound of light of many different colours.* Jie 
proved this by his investigation of an experiment of 
Grnmaldi s illustrated in fig. 21 . Here A u represents 
the course of a pencil of solar lightf passing through 

* Grimaldi was, however, the first who discovered the effect of 
passing sun-light through a prism. (Seo his PAysioo-mathesu da lu/nina, 
p>rop. XXX. et seq.) 

t I h#ve purposely modified Newton’s figure, heeause many mis- 
understand a figure in which the pencil i n is shown with its proper 
divergency. They confuse the dispersing effect of the prism with 
optical effects produced on a diverging pencil of pure light. It me(l 
hardly be said that it would bo quite as great a mistake to uqgleet the 

H ■ 


98 


TEE SUN. 


a circular aperture in a screen s The prism p is so 
placed as to intercept the light. It will he well to 
consider the prism as placed with the base e r uppei‘- 
most and horizontal.^ 

Ifow^if the^ prism were removed^the light would fall 
at i and mate a small elliptical image there. And if 
the solar light were simple instead of being composed 
of rays of many different colours^ it would follow such 



a course as is indicated hy the bent bright line^ and form 
a small elliptical image at — this image being white 
like that at and resembling the latter image in shape. *]■ 

effect of divergency altogetlier. In fact, many important optical con- 
siderations are associated vith the divergency (however small this may 
he made) of the pencil analysed hy the prism. But the two matters 
are best kept apart, at least in the case of the beginner. In the above 
description the object has been t<?* direct the reader’s special attention 
to the dispersive action of the prism, and therefore no attention is paid 
to the divergency of the pencil. 

* E G is supposed equal to gf, so that these lines are equally inclined 
to the vertical. 

t Ifc would indeed be absolutely identical in shape with the image at t 
if the exact course indicated in the figure were followed ; but if the 
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But instead of this, Newton found, as (jrimalcli bail 
found before him, that a streak of light was forrncd as 
V R (v ^ exaggerated in length), the streak being; 
violet at the highest point and thence changing thronpjh 
indigo, blue, green, yellow, ailfd orange, to red at the 
lowest point. Neitfier above nor below was the 
streak well defined, but passed gradually into dark- 
ness. At the sides, however, the streak was well 
defined, and in breadth equal to the horizontal brea<lth* 
of the figure at*£. It thus formed a rainbow^- tin tcnl 
streak or x'ibbon. * 

•It appears from this experiment that light conHiwts 
of rays of all the colours of the rainbow, that the violet 
rays are the most bent by the action of a prism, the 
red rays least, the others in the order named above* 
This happens with prisms of all refracSng angles an<T 
of whatever substance. Hence the rays formings tlu‘ 
violet part of the spectrum are often called — without 
further description — the most refrangible rays, whih^ 
the red rays are called in the same way the least 
frangible rays. This mode of speaking, and tiic ex- 
pressions rising out of it, should be carefully noted. 

Now, the streak of light seen by Newton showed no 
breach of continuity, Newton appears to have suh- 
pected the possibility that by a change in the eon- 
ditions of his experiment th<y streak would show 

In other words, he suspected that light of all degrees of 

• 

single image fell at v or r this would not be the case. It hawiiy 
be remarked that for pure light the course of the beam would d€»|)eui4 
on the refracting angle a of the prism. 
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refrangibility, between the light which forms the ex- 
treme violet and the extreme red of the streak, may not 
be present in the solar beam. But he did not'^sifoceed in 
proving this, though he employed apertures of different 
shape whereby to admit'' the light. It is clear that if 
there were simple violet light, and simple indigo light, 
and so on in the solar beam, a succession of small 
coloured images would be formed as shown in the figure 
^at V, I, &c., and between these images .dark spaces 
would be seen. Newton’s experiments led him to the 
conclusion that an infinite number of images, shifting 
by indefinite gradations from v to R, exist along the 
streak, and so cause the colour to vary insensibly froin 
violet to red as observed in his first experiment. 

Wollaston was the first who succeeded in showinir 
iSiat there are ^ps in the spectral streak. 

It is clear that the circular aperture in the above 
experiment is not suitable for determining wliether 
rays of all degrees of refrangibility are included in a 
beam of solar light. In fig. 21 an image of the aper- 
ture is represented at v, another at i, another at B, 
and so on ; though of course the spectrum in Newton’s 
experiment showed no such separate images. Now, it 
is perfectly obvious that if instead of the seven, images 
represented in the figure there were twenty or thirty 
along the spectrum v e, ithere would he no means of 
knowing that the spectrum was made up of these 
twenty or thirty distinct images, for they would over- 
lap, and so show a continuous streak of light. Wollas- 
ton found that when, instead of a circular, triangular, 
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or oblong aperture, a very narrow slit il employed, 
light of^ertain degrees of refrangibility is absent from 
the solar beam. He admitfed the light through a 
narrow slit (parallel to the. refracting .angle of the 
prism). With this trrangement the spbctruin seen 
by Wollaston was not continuous, but crossed by two 
dark lines parallel to the slit — or, in other words, at 
right angles to the length of the spectrum. 

These two lin^s — two gaps in the solar spectrum — * 
proved that light of two definite orclfers of refrangibility 
is absent from the solar beam. Fig. 22 shows how 


Fio. 22. 



the light, after passing through the prism, had become 
divided into three parts, with spaces between them along 
which no light travelled. It is quite obvious that the 
existence of these gaps can be recognised without allow- 
ing a spectrum to be formed on a screen, as in Newton’s 
experiment, — simply by placing the eye as shown* in 
fig. 22. It was in this way that Wollaston observed the 
two gaps. It may be remarked in passing that this 
mode of viewing the spectrum bears the same relation 
to Newton’s plan that obser>jation of the Sun with the 
naked eye bears to observation of the Sun’s image 
received upon a screen. 

Dr. Wollaston did not pursue the inquiry further. 
Nor need we greatly wonder at this, if we rightly con- 
sider the matter. We now know, indeed, that in the 
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two dark spaces on the spectrum of Wollaston there lay 
the germ of the most wonderful discoveries* iMan has 
yet made. We know that had he persisted in the 
inquiry his n^me would ^have been associated through 
all time, as that of Fraiinhofe/ will undoubtedly be, 
with the very language of the new analysis. But it 
must be admitted that Wollaston had little reason 
for expecting any very remarkable results from the 
^study of a peculiarity which seemed quite as likely to 
depend on the nature of the glass of which the prism 
Avas made as upon any inherent property of solar light. 
And even supposing that the gaps were due to sonSe 
peculiarity of solar light, who could suspect that that 
peculiarity, when traced to its source, would be so full 
of meaning as t# reveal to us the very constitution of 
the solar orb? 

It is to the unwearying patience with which Fraun- 
hofer — like so many others of his countrymen — was 
willing to work day after day at what seemed a most 
unpromising subject, that the world owes the first 
conQplete recognition of the characteristic peculiarities 
of the solar spectrum. Wollaston had observed the 
spectrum directly, with the unaided eye. Fraunhofer 
improved on this plan by employing a telescope.^ 

* It is well to notice that all th® modes of Tiewing the Sun are avfii.il- 
able for viewing the solar spectrum. A prismatic spectrum is simply 
a series of images of a luminous object formed by rays of ^difft^rtuit 
refrangibilities. Where the luminous object is aline of light-^-as whert* 
light is receiyed through a fine slit — the solar spectrum is in rouUty 
made up of an infinite number of lines of light at right angles to itH 
length. It is because light of certain definite orders of refraiigibility ik 
wanting that images of the line are wanting at certain definite parts of 
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Dr. Wollaston had seen but two gaps ‘•in the solar 
spectriypa; Fraunhofer, in 1814, saw and mapped no 
less than 576 lines. The positions of the chief lines 
>seen by Fraunhofer are indicated in fig. 23, and as 
reference is contiiiui^ly made to the lettered lines, it 
is well that the student should carefully study their 
sequence and position. 

A is a well-marked line close to the limits of visi- 
l)ility at the red end of the spectrum, b is a well^ 
defined red line of sensible breadth.* Between a and 
B is a band of several lines called a, c is a dark and 

Fig. 23. 



very well-marked line. Between B and c Fraunhofer 
counted nine fine lines ; between c andn about thirty. 
1) consists of two strong lines close together. Between 
1 > and E Fraunhofer counted eighty-four lines. is 
a band of sever&l lines, the middle line of the set being 
stronger than the rest. At h are three strong lines. 


tlio spoctrum, — that, in other words, dark lines are seen. The clear 
recognition of this fact will pr0V0nt*«iuch misapprehension. 

* It will be understood that I am here describing the lines as seen 
by Fraiinhofer, and as they would appear with similar spectroscopic 
power to that employed by him. With greater power many single lines 
are resolved into several, and many new lines make their appearance. 
For example, n is described above as consisting of two strong lines 
with an extremely small interval. With a powerful spectroscope 
numerous lines are seen between these two strong lines. 
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the two fartl^est from e being close together. Between 
E and h Fraunhofer counted twenty-four lines, and 
between b and e more tjian fifty, p, g, and" h are 
strong lines. Between p and G, and between g and 
H, Fraunhofer counted 185 and 190 lines respectively ; 
and he found many lines also between H and i — the 
violet end of the spectrum. 

Fig. 23 shows the colours of those parts of the 
spectrum in which the several lines occur. The reader 
will do well to bear in mind the position of the several 
lines, as thus, by an easily remembered relation, he 
will find himself enabled to interpret readily thr 
accounts of spectroscopic researches, whether into 
astronomical or chemical subjects of inquiry. Let him 
remember, then, j;hat a, b, and c are in the red portion 
Qtf the spectrum ; d in the orange-yellow ; e in the 
yellowish-green ; E in the greenish-blue ; G in the 
indigo ; and H in the violet. 

Fraunhofer s contributions to the science of spectro- 
scopic analysis did not conclude, however, with the 
recognition and mapping of these lines. Having first 
convinced himself that the same lines were seen in the 
solar spectrum, of whatever substance the prism was 
formed, he proceeded to study the spectra formed by 
light from other sources. 

He first examined solar light received indirectly by 
reflection or otherwise— as from the clouds, the, sky, 
the Moon or planets, and so on ; and he found in the 
spectrum of such light the same lines which he 
had seen in the spectrum of direct solar light. He 
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studied the spectrum of the Sun when th^t orb is near 

the horizon, and he found that under such circumstances 

• • 

the violet end of the spectrum disappears and a number 
of lines make their appearance in the remainder of the 
spectrum. • 

Fraunhofer found that the spectra of the fixed stars 
exhibit dark lines resembling those in the Sun ; but 
none of the stars whose light he examined had a spec- 
trum exactly the same as the Sun’s. Some lines of th® 
solar spectrum he found wanting jin star spectra, while 
other lines were not seen with the same relative dis- 
tinctness as in the spectrum of the Sun. On the other 
hand, he found several new lines in star spectra. 
No two stars appeared to have the same spectrum. 

An important conclusion followed, as Fraiinhofcr 
pointed out, from this observation. If the dark lines in 
the solar spectrum were caused by an absorptive action 
exercised by our own atmosphere, it would follow that 
the same lines ought to be seen in the spectra of the 
fixed stars. The contrary being the case, Fraunhofer 
held it to be a demonstrated fact that the dark ^lines 
are due to some property inherent in the light itself 
which the Sun and the fixed stars severally emit. 

One more observation of Fraunhofer’s, and I pass on 
to later researches. He found that when the flame of a 
candle or lamp is the source* of light, the spectrum is not 
crossed by dark lines, but a bright double line is seen 
in the exact place occupied by the double dark line 
1) of the solar spectrum. To prevent misconception, it 
is necessary, however, to mention that light from an 
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incandescent s^ubstance — and the flame of a candle is such 
light — exhibits a continuous spectrum. The .double 
bright line seen by Fraiinbofer was due to the presence 
of the almost ubiquitous element, sodium, in the flame, 
as will be explained further on. 

If we carefully weigh the results obtained by Fraiin- 
hofer, it will appear that spectroscopic analysis owes 
very much to his researches. It may be questioned, 
indeed, whether, but for his patience and persever- 
ance, the attention of scientific men mio:ht not have 
been turned away, at least for many years, from a 
subject of inquiry which seemed when he began hisi~ 
labours to be rather curious than important. 

Let us next inquire into the spectra given by differ- 
ent terrestrial sources of ligrht. 

All incandescent solid or fluid — or, to speak more 
correctly,* a solid or fluid glowmg with intensity of 
heat— gives a continuous spectrum. But the nature of 
the spectrum varies with the heat of the source. If a 
piece of metal, for instance, be gradually heated till it 
is at^a white heat, only the red part of the spectrum 
will at first be visible ; then the orange part will show, 

* The tem incandescent is not properly applicable to any source 
of light which is not actually white. Many speetroscopists indeed go 
farther, and say that no luminous bo^y ought to be described as incan- 
descent unless its spectrum extends without dark lines or gaps of any 
sort from the extreme limit of Yisibility at the red end to the extreme 
limit of risibility at the riolet end of the solar spectrum. Without 
insisting on this limitation, it certainly does seem well to point out that 
the term incandescent is not properly applicable to solids or fluids 
glowing with light belonging to the red end of the. spectrum, nor to 
vapours glowing with light of a well-marked colour. 
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then the yellow, and so on, until at length the whole 
ranges o£ the spectrum will be seen, from the extreme 
red to the extreme violet. • 

But the question will at once suggest itself at this 
point, — What are tke limits of the spectrum ? When we 
were considering the solar spectrum, we might have 
inferred that the limits of visibility are the true limits 
of the space to which the solar action extends. But 
now that we have seen a spectrum growing with the 
growing heat of the source of light, wc are naturally 
led to inquire whether there are limits to this growth. 

•And, again, the spectrum of a gradually heated body 
begins at the red end so far as our vision is concerned ; 
but is that its true beginning ? 

To both these questions an answer has been gi'^iein 
It occurred to several physicists during the latter half 
of the last century to inquire whether the heat which 
undoubtedly accompanies the light forming the spec- 
trum corresponds in reality with the light, in so far 
that where the light is strongest the heat is strongest, 
and vice versa, while where light fails totally thene heat 
also fails. They found that no such correspondence 
exists. So far as the visible spectrum is concerned, 
the greatest heat is not received where the spectrum 
is brightest, but at the red end. Sir W. Herschel, 
however, at the beginning of the present century, found 
that the maximum of heat comes from hei/ond the red 
end of the spectrum ; while, yet farther beyond the 
red end, heat continues to be received for a distance 
whose extreme limit has not yet been determined. 
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Heatj howeirer, is not received beyond the violet end 
of the spectrum, nor even completely up to the Jimits 
of visibility in that direction. 

Yet we now know that in this direction, also, the 
limits of visibility are not to be regarded as the limits 
of the solar action. Besides the heat and light which 
are transmitted through the prism, there is another 
form of action whose effects are as distinct from heat 
aifd light as heat and light are from each other. We 
know that the solar *rays, besides illuminating and 
heating substances on which they fall, produce changes 
in the appearance and constitution of many substances. 
To take a familiar example : the solar rays falling bn 
the skin not only warm it, and so affect the sense of 
touch ; not only illuminate it, and so affect the sense 
of sight; but tan it, —an effect which is not directly 
cognisable by any sense that we possess,* though in- 

* It need hardly he said, perhaps, that the reference hero to the 
senses is not introduced as hearing in any way on the subject of spec- 
troscopic analysis, hut as affording a distinction of a popular kind be- 
tween the three forms of solar action. It is worthy of notice, howovor, 
that we*have a sense hy which the action of the longer light-waves 
corresponding to the red end and the parts beyond the red end of the 
spectrum is recognised hy us, and another sense enabling us to recognise 
the action of the medium 'wayes correspondiug to the yellow part of tht^ 
spectrum and in gradually diminishing degree the waves corresponding to 
parts up to the red end on one side and the violet end on the other side : 
hut we have no sense enabling us to r^ognise directly the action of the 
shorter waves corresponding to parts of the spectrum beyond the violet 
end. Is it pot conceivable that some creatures, even among terrestrial 
beings, may possess a sense enabling them to recognise the action of these 
short waves, and that such a sense may give them powers as distinct 
from the powers we possess in virtue of the senses of touch and of sight, 
as the sense of sight is distinct from the sense of touch ? A man born 
blind may not be more incapable of conceiving the nature of the sense 
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directly sensible both to sense and touch. The real 
nature of this action is not altogether understood 
(which may be remarked also respecting heat and 
light), but the observed result is a modification of the 
chemical condition of the substances acted upon. 

Now this particiilar mode of action— actinic action, 
as it has been called* — is not exerted most powerfully 
where the spectrum is brightest, but near the violet 
extremity — between the lines a and H. Nor is tHs 
mode of action limited to the visible spectrum; but 
precisely as heat falls beyond th^ red extremity of the 



spectrum, so actinic effect is produced beyoi^d the 
violet extremity. 

In fig. 24 the relation between the several kinds of 
action is exhibited by the curves marked ir, l, and ok 

respectively, the height of these curves vertically above 

• 

of sight and of tlio powers it confers upon those who possess it, than 
those who hay© all the five senses are of the powers which may be 
actually possessed by creatures having organs suited to appreciate the 
action of the shorter light-waves. 

* From a G-reek word signifying a ray. Surely the term is ill- 
chosen. 
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the spectrum indicating the relative intensity of the 
heat, light, and chenaical activity of the portion of the 
spectrum immediately below. Thus, beyond" the red 
end, the heat-curve is sem to acquire its greatest 
height, indicating that the maximum heating effect is 
exerted there.* The light-curve reaches its greatest 
height above the part of the spectrum between n and e, 
— in the yellow portion, that is, of the spectrum. The 
heat-curve reaches the base-line close by o, while the 
light-curve extends somewhat beyond -h. At E the 
actinic curve rises above the base-line, reaching its 
greatest height above a and h, and thence passing 
down to the base-line far to the right of the violet end. 

It appears, then, that from the extreme heat end of 
the spectrum to near a there is heat only ; from near 
A l!D about E we iiave heat and light combined ; from 
E to G, all three forms of action — light, heat and 
actinisni— are present.* From about a to a little 
beyond h, light and actinism (though very little of th6 
former) are exerted, while from a little beyond H to 
the extreme actinic end of the spectrum there is acti- 
nism alone. 

It may be well, however, to warn the reader against 
the error sometimes made, of assuming that where two 
forms of action are present they are separable (or can 
be conceived to be separated) from each other. For 
example, it would be incorrect to say that near i) a 
small proportion of heat rays, and a larger propoftion 

* It is worthy of notice how smaU the amount of all three forms of 
action becomes near the f line of the spectrum. 
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of light rays, fall on the spectrum. The correct state- 
ment is that those rays (or rather light-waves) which 
reach^his part of the spectrum are capable of exciting 
heat to a certain extent, and light to a somewhat 
greater extent. ^ 

We see, then, that in addition to what spectroscopic 
analysis has already taught us, we must add this 
interesting fact, that the three forms of action ■which 
sun-light is capable of exerting are associated witli 
different parts ^f the spectrum — heat with the red end 
and parts beyond ; chemical action with the violet end 
and parts beyond that ; and, finally, light more parti- 
'^cularly with the yellow part of the spectrum, though 
of course, as the very term visible spectrum implies, 
more or less light is received from all parts of the 
coloured spectrum. 

And the intimate real association which exists 
between the three forms of action is shown by nothing 
more distinctly than by this, that when a solid or fluid 
body is gradually raised to a white heat, all the forms 
of action are generated ; — first, heat ; then heat and 
light; then heat, and light, and actinism — as the forma- 
tion of the continuous spectrum of such bodies serves 
abundantly to prove. 

Only one solid substance, the earth erbia, gives a 
non-continuous spectrum when heated. So that it has 
come to be regarded, as a characteristic peculiarity of 
incandescent solids and fluids, that they present a rain- 
bow-tinted streak of light crossed by no dark lines or 
gaps. 
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Witli glowing vapours the case is altogether different. 
Although there ate exceptions to the rule, it may be 
stated as a general characteristic of the spectia Of such 
vapours that they consist'^of coloured lines or bands. 
Sir David Brewster, Sir»‘John Herschel, and Talbot, 
were among the first who examined such spectra. In 
1822 Sir John Herschel called attention to the im- 
portance of the study of the lines and hands seen in 
the spectra of the vapours of different elements. ^ The 
pure earths,’ he said, ^when violently heated, yield 
from their surfaces fights of extraordinary splendour, 
which when examined by prismatic analysis are found 
to possess the peculiar definite rays in excess which 
characteriser'the tints of the flames coloured by them ; 
so that there can be no doubt that these tints arise 
fr(5m the molecules of the colouring matter reduced to 
vapour, and held in a state of violent io;nition.’ 

It would be interesting to trace the history of those 
laborious researches by which men of science — Herschel, 
Brewster, TyndaU, the Millers, Huggins, Grladstone, 
Frankland, Pliicher, Hittorf, and many others — have 
determined the spectra of gases and vapours by 
various methods and under various conditions. But 
as in this treatise I feel bound to deal only with those 
parts of the history of spectroscopic analysis which are 
associated with the study of^the Sun, or which serve to 
elucidate solar physics, I must here content myself 
with indicating results without describing the proebsses 
by which they were obtained, or assigning to each of 
the eminent men above-named, and to their fellow- 
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workers tlieir exact share in the noble series of labours 
referred to. 

At an 'early stage of th^ inquiry, though at the 
time the phenomenon was not correctly interpreted, 
a means was found, of obtaining the sppetra of the 
vapours of elements wliich cannot be vaporised by 
ordinary methods. It was noticed that the electric 
spark has a spectrum consisting of bright lines. But, 
unlike all the sources of light whose spectra have* 
hitherto been considered, the elec^tric spark yields a 
variable spectrum. When the electric discliarge takes 
pjace between conductors of the same nature, and 
through any given and unchanged medium, the same 
spectrum is always seen ; but when either condition is 
departed from, a different spectrum is obtained. 

It was presently recognised that the spectrum 
obtained from the electric spark is twofold in its 
nature. It includes the spectrum of the gas or vapour 
through which the discharge takes place, and also the 
spectrum of the vaporised substance of tlie conductors. 

Here, then, was a ready means of determining Jibe 
spectra of the metallic and other elements * not easily 
volatilised in other ways, as also of such gases as 
nitrogen and oxygen ; wliilo conditions of pressure, 
combination, and the like, could be introduced, which 
would be wholly impracticalUe if the method of vapor- 
ising elements in the flame of an ordinary lamp had 
alone Seen available. 

* It seems unnecessary to speak of the spectra ofiJie vapours of such, 
and such elements, since in reality it is only as rapours that iron, sodium,’ 
and the rest have characteristic spectra at all. 

I 
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In this w^iy a large number of elements had their 
spectra assigned to them, while in several instances 
physicists began to recognise peculiarities in the spec- 
trum of the same element when examined under dif- 
ferent condi1j:ons. r. 

But an important series of researches yet remains to 
he considered. Hitherto we have dealt with the actual 
spectra of luminous objects ; we have now to inquire 
•into the effects produced on these spectra^ when the 
light which forms ^hem is allowed lo pass through 
absorbing media. W e owe chiefly to Sir David 
Brewster the initiation of this branch of research^-r- 
though in this as in so many other departments of spec- 
troscopic inquiry, we find a host of distinguished 
physicists joining in the work. Brewster found that 
when ordinary solar light is transmitted through the 
thick vapour of nitrous gas, a number of new dark 
lines are seen, parallel to the Fraunhofer lines, and 
congregated in a remarkable degree towards the violet 
end of the spectrum. He further proved that these 
lme 3 were seen whatever the source of light might be. 
Professors Miller and Daniel made further researches 
into the effects of vapours in causing dark lines to 
appear in the spectrum of solar or white light. Some 
of Professor Miller’s results are worth quoting, be- 
cause they show how closely a physicist may approach 
a great discovery without actually effecting it. First,’ 
he says, ^ colourless gases in no case give additional 
lines, or lines differing from those of Fraunhofer. 
Secondly. The mere presence of colour is not a security 
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that new lines will be produced ; for instan'ce, of two va- 
pours indistinguishable by the eye, one, hromine, gives 
a great number of neAv linei?, wliile the other, chlorine 
of tnngsten, exhibits none. Jlliirdly. Xhe position of 
the new lines has no^onnection with the bolour of the 
gas; withyretfK perchlorine of manganese, i\\Qi newlines 
abound in the green of the spectrum; with red nitrons 
acid they increase in number and density as we 
approach the spectrum’s blue extremity,’ Some of 
these results, rightly understood, Cbntain the germ of 
the great discovery afteiwards effected by Kirclihoff ; 
Since in some of the cases actually experimented on by 
Professor Miller, the absence of neie lines meant simply 
that the absorption lines, corresponding to the element 
he was dealing with, were coincident with some of the 
Fraunhofer lines. Others, however, approached the 
solution of the great problem even more nearly, since 
they actually touched on the principle of the reversal 
of the spectral lines, which affords the explanation of 
the coincidences detected but unnoticed by Professor 
Miller. ‘ Ufone of these distinguished men,’ says Pro- 
fessor Xyndall, betrayed the least Icnowledgo of the 
connection between the bright bands of the metals 
and the dark lines of the solar spectrum. The man who 
came nearest to the philo^oirhy of the .subject was 
Angstrom. In a paper translated from I’oggendorff’s 
‘ Annalen ’ by myself, and published in the ' Philoso- 
phical Magazine’ for 1855, he indicates that the rays 
which a body receives are precisely those which it can 
emit when rendered luminous. In another place he 
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speaks of orfe of kis spectra giving the general ina- 
pression of reversal of the solar spectrum. Foucault, 
Stokes, Thomson, and Stewart, have all been very 
close to the discovery ; and for my own part the ex- 
amination of '"the radiation and absorption of heat by 
gases and vapours would have led me in 1859 to the law 
on which all KarchhofPs speculations are founded, had 
not an accident withdrawn me from the investigation.’ 

IP 

At the very moment, however, when the great 
secret was about to d>e revealed, an eminent physicist 
wrote thus : ^ In quitting the mere phenomena of lumi- 
nous spectra, and rising to the inquiry as to thefr 
causes, we enter a more arduous course. The phe- 
nomena defying, as we have seen, all attempts hitherto 
to reduce thenb within empirical laws, no complete 
explanation or theory of them is possible. All that 
theory can be expected to do is this — it may explain 
how dark lines of any sort may arise within the 
spectrum.’ 

But theory succeeded in doing very much more than 
wa^thus anticipated from her. 

It had been noticed by Fraunhofer that the two 
orange-coloured lines close togetherwhich form the spec- 
trum of the glowing vapour of sodium, coincide exactly 
in position with two dark lines in the orange-coloured 
part of the solar spectrum — the double D line in fig. 23. 
Kirchhoff, having a spectrosocope of great dispersive 
power,* determined to inquire whether this coincidence 

* Its prismatic battery contained four flint-glass prisms, not fixed or 
clamped in any way, but standing freely on four little pedestals. The 
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was exact. ‘ In order to test in the most direct manner 
possible,’ he says, ^ the frequently asserted fact of the 
coincifleilce of the sodium lines with the lines D, I ob- 
tained a tolerably bright solar spectrum, and brought 
a ■flame coloured by sodium ‘Vapour in fi«ont of the slit. 
I then saw the dark lines D change into bright ones. 
The flame of a Bunsen’s lamp threw the briglit sodium 
lines upon the solar spectrum with unexj)ected brilliancy. 
In order to find out the extent to which the intensity 
of the solar spectrum could be increased without im- 
pairing the distinctness of the soclium lines, I allowed 
the full sunlight to shine through the sodium flame, 
and, to my astonishment, 1 saw that the dark lines i) 
appeared with an extraordinary degree of clearness.’ 

Let the full force of this result be recognised before 
we proceed to consider the method hf which Kirchhbff 
certified himself as to its exactness. He had shining 
in through the slit two kinds of lighi>— sunlight and 
the light of the sodium flame. The sunlight alone 
would have given the ordinary solar spectrum with the 
j) lines of a certain degree of darkness. The sodium 
flame alone would have given two bright lines* just 
where the dark d lines of the solar spectrum appear*. 
What he expected was, naturally, that the bright lines of 
the sodium spectrum would at least partially reduce the 

whole arrangement seems singnlarTy ineffectiyo in comparison with the 
spectroscopes now in Tise; for example, if wo compare Kirchhoff’s 
"battery with the battery of prisms in tho tlno spoctroscopo made by 
"Browning for Mr. Oassiot, tho former seems almost ridicnlons in its 
imperfectnoss. * A cough or a snoezo,’ it has been well remarked, 

‘ would set that whole battery in disarray, with which, nevertheless, 
Kirchhoif solved the secret of tho solar spectrum.’ 


darkness of tlie coresponding t) lines, even if they did 
not altogether cause these dark lines to disappear, or to 
he replaced by bright lines. But these lines" actually 
appeared darker. It was'" precisely as though an ex- 
perimenter to cast a beam of light exactly upon a 
shadow, and *to see the shadow "'actually intensified 
instead of the reverse. 

Kirchhoff proceeded to test this astonishing result. 

exchanged the sunlight for the Drummond’s or 
oxy-hydrogen lime-light, which, like that of all incan- 
descent solid or liquid bodies, gives a spectrum con- 
taining no dark lines. When this light was allowed to 
fall through a suitable flame coloured by common salt, 
dark lines were seen in the spectrum in the position of 
the sodium lines. The same phenomenon was observed 
iff instead of the incandescent lime, a platinum wire 
was used, which, being heated in a flame, was brought 
to a temperature near its melting point by passing an 
electric current through it’ 

These experiments were, if possible, even more 
striking than the former ; for now Kirchhoff had two 
lighl^ which seemed to produce darkness. The electric 
light alone covered with its continuous spectrum the 
place where the sodium lines appear in the solar spec- 
trum ; the sodium light alone lit up this very part of 
the spectrum. When the two lights were both shining 
one would have expected the result to be an increased 
brightness in this part ; instead of which there acttially 
resulted darkness. 

The observed fact is in itself important : its inter- 
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pretation involves one of the most importg,nt facts ever 
discovered by man. It is well to distinguisb between 
the two. * 

The observed fact is that the sodium flame, which 
emits rays of a certain order of refrangibility — that is, 
x’ays which, if passed through a prism, will follow a 
certain path — has- the power of absorbing rays of pre- 
cisely the same order. The interpretation of the fact 
is founded on the existence of a law which is thug 
worded by Professor Roscoe — Every substance which 
emits at a given temperature certain kinds of light, must 
j)Ossess the power at that same temperature of absorb- 
ing the same kinds of light.’ * 

* This is merely a corollary from a more general law, according to 
which the same relation holds between the powers which substances 
possess of emitting and absorbing heat-wares well as lighb-wa'VieH 
and actinic- waves. The law called the theory of exchanges was first; 
enunciated for boat by Provost of Geneva, and has since boon estubliahed 
for heat and light by the researches of Provostayc, PcRsains, Stewart , 
and Kirchhoff. So far as the application of the theory to light is con- 
cornod, it must bo admitted that there are still many difficulties in tlii^ 
way of its complotc acceptance. Those difficulties soniowliat importantly 
affect our conclusions wliore wo are considering the application of the 
theory in mode and measure to spectroscopic rosoarches, though, so far 
as the general results hero chiefly considered are concerned, they need 
not greatly trouble us. 

I may refer my reader to Dr. Stowart^s Mcmentary Ihailse on Heat. 
for a very interesting examination of the subject and the demonstration 
of the fundamental principles involved in the law. But I must cautior 
the reader against one point in tho cotirse of I)r. Stowart’s reasoning, 
which is very likely to mislead, fiffid involves an error in an optical 
subject of considorablo importance. It is neci^ssary for the demonstra- 
tion tijat the course of rays (light-rays or heat-rays) not falling quite 
perpendicularly, or rather not strictly parallel to each other, should be 
considered, and Br. Stewart removes the difficulty for small beams of 
ight or heat, by considering the size of the source of light. He says, 
‘ Just as a line is in reality always part of the boundary of a solid, so 
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Kirchhoff ^experimented on other elements. He 
found that a flame coloured by potassium causes dark 
lines to appear on the continuous spectrum of the lime- 
light, and that these lines appear precisely where 
bright lines ^§,re seen when th^ spectrum of that 
coloured flame is viewed alone. The same was proved 
by Kirchhoflf and Bunsen for the lines of lithium^ 
calcium, strontium, and barium ; while it has been 
%hown to hold for other elements by Dr. Miller and 
others. 

c 

But now that the general law was established, im- 
portant results respecting solar physics were establishe«l 
along with it. Since Kirchhoff had proved that when the 
electric light shines through a sodium flame, the sodium 

a lay is always in reaiity part of the boundary of a boam or pencil of 
light. We may satisfy ourselres that this is the case in nature l>y 
considering the light which reaches the eye from a star or other object 
apparently very small; this would seem to be the nearest approach 
a geometrical line of light, whereas since a star has a certain real, 
though yery minute, angular diameter, the light from it is in reality a 
convei^ng pencil, although no doubt the angle of convergence is Yory 
small. On account of the importance of the optical considerations in 
question, I may be permitted to correct what is undoubtedly an 
erroneous statement. The difficulty must be got over by considering 
the size of the object on which light or heat rays fall, not by con- 
sidering the size of the source of light. There is no such thing in 
as a converging pencil of light proceeding directly from a 
luminous object.^ All real pencils, whether of light or of heat, are 
originally diverging; they diverge from every point of the self- 
luminous or heat-giving body, ana the angle of their divergence is 
real-however minute it may be— so long as the object which receives 
light or heat has real dimensions, however minute. This consideration 
does not ^ect the conclusions deduced by Dr. Stewart, since nn- 
doubt^y the diverging pencils of light or heat, from a source of con- 
siderable dimensions, form a'^ converging beam, when we consider them 
with reference to a smaller object on which they fall. 
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lines appear as dark lines across the continuons spec- 
trum of the electric lights what was more obvious than 
the conclusion that sunlight also, which shows these 
same dark lines, must, before reaching us, have passed 
through the vapouj of sodium, Eith(!r then, in our 
own atmosphere, or in the atmosphere of the Sun, this 
familiar metal sodium, the basis of such commonplace 
substances as salt and soda, must exist in quantities 
sufficient to cause the observed absorption-lines. • 

But more than this, those countless other lines which 
cross the solar spectrum must each indicate some 
^irocess of absorption exerted by vapours in our 
atmosphere or his. Since the presence of sodium has 
thus been demonstrated, why may not the presence of 
other elements be in like manner rendered apparent ? 

Kirchhoff did not long delay the inquiry thus sug- 
gested. He compared the spectrum of iron (or, to use 
the accepted mode of expression, the spectrum of the 
luminous vapour of iron) with the solar spectrum. 
Now, the spectrum of iron as known to Kirchhoff 
contained some sixty bright lines.* There was a 
great difference, then, between this spectrum and 
that of sodium. Yet, to his astonishment, Kirchhoff 
found that precisely as the two sodium lines agree 
with the D lines of the sodium spectrum, so every 
one of the iron lines hadTits counterpart in the solar 
spectrum.f Line for line, and not only so, but strong 

^ Many more have since been discoyereci ; in fact, there are now more 
than 460 recognised iron lines. 

t It is hardly necessary to note, perhaps, that Kirchhoff could not 
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line for stroi^ line, and faint line for faint line^ every 

line of the iron spectrum appears as a dark line in the 

spectrum of the Sun ! * ^ 

KirchhofF in all probability never questioned for a 

moment the canclusiveness of this ^relation. He must 

have felt its significance intuitively. It was probably, 

therefore, only to satisfy others that he presented a 

strong argument from the theory of probabilities in 

:^^vour of the view that the observed relation implied a 

real association between the two sets oflines. Takino- 
• ^ 
as ^ the chance that a bright line in the iron spectrum 

would seem to have a counterpart in the richly ^ lined ^ 

solar spectrum if accident were alone in question, he 

calculates that the chance of the observed relation 

(leaving altogether out of question the relative 

strength of the l3ies) is less than 

1 

1 , 000 , 000 , 000 , 000 , 000 , 000 * 

' Hence,’ remarks KirchhofF, nhis coincidence must 


establisli this result in the same way as the former, because he co\ild 
^ not cause sunlight to shine through the glowing vapour of iron. He 
employed a method quite as satisfactory however, causing the light 
from iron vaporised by the electric spark to form a spectrum side by 
side with the solar spectrum, the solar light being admitted directly to 
the battery of prisms ; that of the iron being admitted after reflection 
through a small prism near the slit. 

* To this I may add that thechan<ft of the observed relation, now that 
450 lines of iron are recognised, is less than a fraction whose numerator 
is unity, and whose denominator consists of no less than 136 figures (the 
first four being 2907). This chance is not very unequal to that which 
I have shown^ to correspond to the probability that one of the less 
marked peculiarities of stellar arrangement detected by me while 
constructing my large star-atlas, is due to mere chance-distribution. 
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be produced by some cause, and a cause can be assigned 
winch affords a perfect explanation of the phenomenon. 
The observed phenomenon ^may be explained by the 
supposition that the rays of light which form the solar 
spectrum have passed through the vaponr of iron, and 
have thus suffered the absorption which the vapour of 
iron must exert. As this is the only assignable cause 
of the coincidence, the supposition appears to be a 
necessary one. These iron vapours might be containerj 
either in the atmosphere of the Sun or in that of the 
Earth. But it is not easy to understand how our 
jj,tmosphcre can contain such a quantity of iron vapour 
as would produce the very distinct absorj)tion-lines 
which we see in the solar spectrum, and this supposi- 
tion is rendered still less probable by the fact that 
these lines do not appreciably alter Avhen the Sun 
approaches the horizon. It does not, on the other hand, 
seem at all unlikely, owing to the high temperature 
which we must suppose the Sun’s atmosphere to 
possess, that such vapours should be present in it. 
Hence the observations of the solar spectrum appear to 
me to prove the presence of iron vapour in the solar 
atmosphere with as great a degree of certainty as we 
can attain in any question of natural science.’ 

Thus cautiously did Kirchhoff proceed in establish- 
ing the great principle OaI which spectroscopic re- 
searches into solar physics were to depend. Nothing 
can perhaps be required to strengthen the confidence 
of the reader in the justice of this principle. Tet it may 
be added that the effect of our own atmosphere on the 
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solar spectrn^is now thorougUy recognised and found 
to correspond with the density of the layers through 
which the Sun’s rays penetrate at different hours of 
the day. The reader may further be reminded of what 
has been alrea’dy said respecting tjie evidence afforded 
by the character of stellar spectra. All those spectra 
would undoubtedly be similar to each other and to the 
solar spectrum if our atmosphere contained the source 
of all the spectral dark lines. It is to be noted also 
that while the coincidences in the case^of iron serve to 
confirm any evidence we may derive from other coin- 
cidenceSj they are also confirmed hy such evidence'^ 
because as one after another the terrestrial elements 
are found to have spectral lines corresponding with 
the solar dark lines, the general fact becomes more and 
more firmly established that the Sun is constituted of 
those elements with which we are familiar. 

Kirchhoff found that calcium, magnesium, and chro- 
mium exist in the solar atmosphere. The presence of 
nickel, also, and cobalt was indicated by the agreement 
of the most conspicuous of their lines with solar dark 
lines. All the lines of these metals, however, could 
not be recognised, nor were the coincidences in the 
case of cobalt sufficient to satisfy Kirchhoff. ^ I con- 
sider myself entitled,’ he says, ^ to conclude that nickel 
is visible in the solar atmosphere; but I do not yet ex- 
press an opinion as to the presence of cobalt. Harium, 
copper, and zinc,’ he proceeds, ^ appear to be present 
in the solar atmosphere, hut only in small quantities ; 
the brightest of the lines of these metals correspond to 
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distinct lines in the solar spectrum, but the weaker 
lines are not noticeable. The remaining metals which 
I haye examined, yiz. gold, silver, mercury, aluminium, 
cadmium, tin, lead, antimony, arsenic, strontium, and 
lithium, are, according, to my observations, not visible 
in the solar atmosphere.’ 

I have thus far quoted Kirchhoff, not because the ac- 
count of his investigations exhibits the actual state of 
our knowledge at the present time, but because they 
are so associated with the discovery of the great prin- 
ciple on which spectroscopic analysis depends as to have 
^11 interest wholly distinct from that — great as it is — 
which they derive from their intrinsic importance. It 
would occupy much more space than is here at my 
“■ disposal to exhibit the progress of research by which 
our knowledge of the solar spectrum has reached its 
present position. For the full history of the subject I 
would refer my readers to Dr. Schellen’s admirable 
" Spectralanalyse,’* and to the excellent treatise on 
si)ectroscopic analysis by Professor Koscoe. So far as 
my purpose in this place is concerned it is only neces- 
sary for me to sum up the results of the search for 
coincidences between solar dax'k lines and the bright 
lines of terrestrial elements— in other words, to exhibit 

the elements which exist, so far as is yet known, in the 

• 

* A translation of this work by tho daughters of Mr. Lassell, F.E.A.S., 
and edited by Dr. Huggins, the great English master of the subject, 
will probably bo published (by Messrs. Longmans) before this work 
appears. It will contain many important additions as compared with 
the first German edition, and cannot fail to be a work of e3Etreme 
value. 
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substance of J:lie great central luminary of our system. 
The following table^ drawn up by M. Angstrom, 
exhibits the number of lii^es belonging to the several 
elements enumerated, which have been found to cor- 
respond withjdark lines of the solaf spectrum: — 


Hydrogen . 

4 

Manganese 

. 57 

Sodium 

9 

Chromium 

. 18 

Barium 

. 11 

Cobalt . 

. 19 

Calcium 

. 75 

Nickel 

. 33 

Magnesium 

4 + (3 ?) 

Zinc 

. 2 

Aluminium 

2? 

Copper . 

7 

Iron . 

. ^50 

Titanium 

. 200 

It will be 

noticed that the solar spectrum shows nor 


traces of the existence of the nobler metals, gold and 
silver, nor of the ‘heavy naetals, platinum, lead, and 
mercury. On the other hand, it is significant that the 
lines of nitrogen and oxygen are absent, though these 
gases can scarcely be supposed to be actually wanting. 
We must remember, informing an opinion as to the 
absence of these elements (as also of such elements as 
carbon, boron, silicon, and sulphur), that while the 
presence of certain lines in the solar system may 
prove abundantly that the terrestrial element which 
has corresponding bright lines, exists in the Sun’s sub- 
stance, it by no means follows with e(][ual certainty 
that because all the lines of an element are wanting in. 
the solar spectrum, therefore the Sun does not contain 
those elements. This will appear when we consider’ 
the various circumstances which may cause an element 
really existing in the Sun’s substance to afford no 
trace of its presence. In the first place, the vapour of 
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that element may be of a density cau^ng it to lie 
always at a yery low level, and therefore perhaps 
altogeflier beneath that leyel whence proceeds the 
white light of the Sun — that is, the light which gives 
the continuous spectrum across which the dark lines 
lie. Or, again, the element may exist in the Sun’s 
substance at such a temperature, or at such a pressure, 
as to produce— not well defined absorption lines, but 
— only broad faint bands, which no optical means w^ 
possess can render sensible as such. Or, again, the 
element may be in a condition enabling it to radiate as 
igiuch light as it absorbs, or else very little more or 
yery little less — so that it either wholly obliterates all 
sims of its existence, whether in the form of dark lines 
or bright lines, or else giyes lines so little brighter 
or darker than the surrounding parts of the spec- 
trum that we can detect no trace of their existence. 
In these, and in yet other ways, elements may really 
exist (or rather undoubtedly do exist in the Sun) 
of whose presence we can obtain no trace what- 
eyer. • 

In other chapters of this work the evidence afforded 
by the spectroscope respecting the condition of various 
parts or appendages of the Sun, as the spots, faculae, 
pores, prominences, corona, and so on, will be con- 
sidered at length, as also th*e various theories to which 
such evidence has given rise. I conclude this 
chapter by enunciating the general rules of spectral 
analysis, and by explaining the rationale of certain 
recent applications of the spectroscope which have 
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deservedly attracted great interest, but are not perhaps 
very generally understood. 

The general principles of spectroscopic analysis are 
as follows : — 

1. An incandescent solid or lic^uid gives a continuous 
spectrum. 

2. A glowing vapour gives a spectrum of bright 
lines, each vapour having its own set of bright lines, 
^10 that from the appearance of a bright line spectrum 
we can infer the nature of the vapour or vapours whose 
light forms the spectrum. 

3. An incandescent solid or liquid shining througli 
absorbent vapours gives a rainbow-tinted spectrum 
crossed by dark lines, these dark lines having the same 
position as the bright lines belonging to the spectra of 
the vapours. ^ 

4. Light reflected from any opaque body gives the 
same spectrum as it would have given before reflec- 
tion. 

5. But if the opaque body be surrounded by vapours, 
the dark lines corresponding to these vapours appear 
in the spectrum with a distinctness proportioned to the 
extent to which the light has penetrated these vapours 
before being reflected. 

6. If the reflecting body is itself luminous, the spec- 
trum belonging to it is siSperadded to the spectrum 
belonging to the reflected light. 

7. Glowing vapours surrounding an incandescent 
body will cause bright lines or dark lines to appear in 
the spectrum according as they are at a higher or lower 
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temperature than the body ; if they are ^t the same 
temperature^ they will emit just so much light as to 
compensate for that which they absorb, in which case 
there will remain no trace of their presence. 

8. The electric spaj^k presents a bright-line spectrum^ 
compounded of the spectra belonging to those vapours 
between which and of those through which the dis- 
charge takes place. According to the nature of these 
vapours, and of , the discharge itself, the relative inten-» 
siby of the component parts of the^spectrum will vary. 

It will be seen, as we proceed, that all these prin- 
c^iles bear more or less directly on the application of 
spectroscopic analysis to the interpretation of solar 
phenomena. 

In all branches of spectroscopic research certain dif- 
ficulties have to be specially dealt witfi, while certain 
circumstances avail to help the observer. We are now 
to consider, — first, the means which are available to the 
astronomer for the special purpose of advancing our 
knowledge of solar physics; and, secondly, the peculiar 
difficulties which he has to ove^xome. , 

In the experiment illustrated in fig. 21 we see the 
action of a single prism on the solar light. But the 
time has long since passed when the action of a single 
prism could teach us anything new respecting the Sun. 
The observer has to work ifowadays with a battery of 
prisms. A portion of light which has been already dis- 
persed by one prism is received on another, and is thus 
yet more dispersed; a portion of this doubly dispersed 
light falls again on another prism and emerges yet more 
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dispersed; vportion of tliis trebly dispersed light falls 
on a fourth, prism, and so on— the' number of prisms 
actually employed depending on the special branch of 
inquiry which is being pursued, for some require moi’e 
dispersive pqwer than is necessary for others. 

Space compels me to limit my description specially 
to the action of the prismatic battei'y, and I therefore 
neither describe nor illustrate the means adopted for 
Causing a suitably-shaped beam of solar light to fall on 


t Fig. 25. ' 



the#first face of the first prism. I therefore simply 
state the fact that, in the study of the solar spectrum, a 
beam whose cross section is as s s' (fig.25),the shape of 
the slit through which light is admitted, falls, as shown 
in fig. 25, upon the first prism of the hattei'y, or prism 1 
in the figure. If a screen were placed to intercept this 
beam anywhere between s s' and prism 1, there^would 
be seen upon the screen a bright bar of light shaped 
like s s'. Prism 1 disperses this beam in the manner 
already described, and the beam falls thus dispersed on 



ANALYSING SUNLIGHT, 


^ 3 ^ 

prism 2. If a screen were placed to intercept the beam 
anywhere between prism 1 and prism 2, a short solar 
spectrum would be seen on it, the violet end lying 
towards the bases of the prisms ; and, assuming the 
battery of prisms to iie on a horizontal plane, the length 
of the spectrum— that is, its extension measured from 
red to violet — would be horizontal. Then this beam 
passes to 3 ; and if a screen were placed between 2 and 
3 a somewhat longer spectrum would be seen. Between 
3 and 4 the spectrum -would be. still longer. And, 
lastly, a screen placed beyond the last prism, as a b, 
would show the solar spectrum much longer and pro- 
portionately fainter than in Newton’s experiment. And 
although no such screen is used by spectroscopists, who 
receive the emergent rays into a telescope with whic^h 
they examine the spectrum, it will be convenient for 
our purpose to refer at present to a spectrum supposed 
to be received on a screen, as in fig. 25. 

Now, on « I have shown a violet image of the slit 
V, an indigo one r, and so on, to a red image at r. But 
there are an infinite number of images ranged from the 
extreme violet end to the extreme red end. In places, 
however, no images are formed. The spaces thus left 
without light are the dark lines. 

It is not difficult, then, to see on what conditions the 
visibility of the dark lines wdll necessarily depend. If 
we could have a slit which was a true mathematical 
line, every dark space would be present in the screen, 
even though the dispersive power were small. But, as 
a matter of fact, the slit has a definite breadth, however 
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narrow we nway make it. Now, suppose that ABO 
(fig. 26) represents a small part of the solar spectrum 
as shown on the screen in fig. 25, but that the true 
nature of this part of the solar spectrum* is shown in 
the narrow l^and a b so that in rreality sunlight has 
no rays whose refrangibility corresponds to the band at 
h. Suppose, further, that the aperture of the slit is 
equal in width to this band b. Then the light corre- 
sponding to the extreme limits of the light in a b c, will 
form the two images of the slit shown at B ; these 
images will meet, and no absolutely black line Avill be 


Pig. 26 . 27 . 



seen. There will, however, be a dusky band, darkest 
down the middle, and twice as broad as the true band 
6. But now consider the effects of an increase of (lis- 
per^ve power. Say we double the length of the spec- 
trum, or rather of the particular part shown in figs. 26 
and 27. Then the parts ah c of the real solar spectrum 
will all be doubled in length, and in the observed solar 
spectrum the light corresponding to the extreme limits 
of the band b will ’ produce^ the two images of the slit 

* Tte true nature of tlie solar spectrum may be regarded<^as that 
correspouding to the imaginary case of a slit, which should be a true 
mathematical line, and of a battery of prisms which should cause no 
optical faults whatever, insomuch that the image of the slit for ray» 
of any order of refrangibility would also he a mathematical line. 
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shown at b and b', but these w^ill be no 'wider than be- 
fore, and^ will be separated by a really black band, half 
as wide as b. This band wUl be bordered by a penum- 
bral fringe whose boundaries are indicated by the dotted 
lines, the whole breadth from dotted line to dotted 
line being half as great again as that of the band b. 

The reader will, therefore, at once see the importance 
of increasing the dispersive power of our battery of 
prisms ; since in this way very fine lines which migh^ 
otherwise escape detection can J)e rendered visible. 
Also, it is obvious that two lines very close together 
would be shown as one with a certain amount of dis- 
persive power, while with more dispersive power they 
would be clearly separated. Yet once more, a line in 
the solar spectrum which seemed to ^coincide, without 
being really coincident, with the bright line of some 
metallic spectrum (brought into comparison with the 
Sun’s in the manner referred to above) might, by in- 
crease of dispersive power, be removed appreciably from 
its supposed counterpart. 

So far, then, as the direct examination of the ssolar 
spectrum is concerned, we must aim specially at the 
means of increasing dispersion. It will be seen, also, 
further on, that in two highly important applications of 
the analysis — viz. to the examination of the promi- 
nences, and to the recognition of motions of approach ot 
recess due to solar cyclones— great dispersion is the 
chief point to be secured by the spectroscopist. 

But fig. 24 shows that certain difficulties have to 
be encountered in securing great dispersion. Only the 
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part of tte sj^ctrum near g has been formed (in the case 
illustrated in that figure) by rays which have gone sym- 
metrically through the battery of prisms. The rays 
forming the part near v have gone through the middle 
of prism 1 ^ and come out near the b^se of prism 4 ; while 
those forming the part r passing also through the middle 
of prism come out near the vertex of prism 4. Now, 
optical considerations render it essential, or at least ex- 
tremely important as far as the clear definition of the 
lines is concerned, each part of the spectrum should 
be formed by rays which have gone symmetrically round 
^uch a battery as is shown in fig. 24.* Furthermore, 
when the dispersion is very great only a portion of the 
spectrum will be formed at all (some at either extre- 
mity falling outside the last prism — beyond apex and 
base) when the prisms occupy a fixed position. Then, 
again, when the light has been bent round a nearly 

* The point to he secured is that the rays forming any part of tlio 
spectrum under examination should pass into and out of each prism 
at equal angles (as the light forming the part g of the spectrum in 
fig. 25 does). It may be shown that in this case those special rays 
pass ^ith least possible deviation through each prism, so that the 
condition is generally called that of minimum deviation. But minimum 
deviation jper se has no advantages, and, as a matter of fact, the real 
condition secured by this arrangement is that the primary and 
secondary foci of emergent pencils are as nearly as possible coincident; 
so that, though the image of the slit formed by those special rays is 
not formed by absolute points of light, it is formed by circles (techni-* 
cally called ‘ circles of least confusion ’) having the smallest possible 
diameter. In a paper in the Monthly Notices of the Astronomical 
Society, vol. xxx., I have shown that the circle of least confu^jion has 
in this case a definite, though exceedingly minute diameter, even in the 
case of a single prism. The mathematical expression for the radius of 
this circle is given in that paper, but is somewhat too complex to be 
repeated with Advantage in these pages. 
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complete circle of prisms, as in fig. 28 ,^the emergent 
light E e' will be intercepted by the first prism of the 
battery ; and this circumstance limits the dispersion 
which can be given in this manner. 


% Eig. 28 . 



Let us consider how these difiSculties have been or 
may be encountered. 

We owe to Mr. Browning the indention of a most 
ingenious plan by which, whatever part of the solar 
spectrum is studied, the battery of prisms will be 


Eig. 29. 



properly adjusted. In his automatic spectroscope he 
attaches to each prism a slotted bar, as shown iu 
fig. 29 . All the slots pass over a central pivot, and the 
prisms are attached at their angles as shown. Hence 
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they must necessarily be at all times symmetrically 
placed ; so that if 1 be fixed and motion be commiini- 
cated to 4, then 2 and 3 yvill move, each in its proper 
degree, and all four will preserve their proper relative 
positions. In '"Browning’s spectr<;iScope there are six 
such prisms, and the light emerging from the sixth 
passes just clear of 1. 

I have suggested a modification, by which only a 
corner of the first prism is fixed, as at fig. 30, and this 
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prism is automatically adjusted like the rest,— a fixed 
slot 5 / square to the path of the incident light guid- 
ing the motion of this prism according to the required 
law. In like trianner I have suggested that the view- 
ing telescope should be guided on th^ same principle 
of automatic motion.* 

^ This arrangement must he regarded as only one out of severnl 
modifications of 'w'hioh Mr. Browning’s ingenious plan admits. It is 
doubtless this modification which alone satisfies the conditions aimed 
at j and this circumstance renders it^all the more evident that it should 
be regarded as implicitly contained in Mr. Browning’s plan. Nothing 
is easier than to devise modifications, and even (as in this instance) 
improvements on the plans of others. But no separate merit can 
fairly be claimed under such circumstances. In this special instance, 
for example, I should not have turned my thoughts towards the 
problem of securing the conditions of minimum deviation for all rays, 
but for the interest I took in Hr. Browning's plan. So soon as he had 
read the paper describing his plan, before the Koyal Astronomical 
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So far as clearness of definition and the satisfactory 
study of the whole length of the spectrum are concerned, 
this arrangement leaves nothing to be desired. But 
for a yet greater increase of the spectrum s length more 
is needed. We have reached the limits^of dispersion 
which one circular battery can give ; but it would be 
desirable to obtain a yet greater dispersion. 

One way in which this can be done is by the use ot 
what are called direct-vision prisms. In these, two flintr 
glass prisms (f f) are combined^ as shown in fig. 31, 
with three crown-glass prisms. The prisms c cause 
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deviation and dispersion in one direction ; the prisms F 
clause equal deviation and more dispersion in the 
contrary direction. Hence results a balance of dis- 
persion without deviation ; and if we add such a prism 
to any battery of prisms, we get all the advantage of the 
dispersion without increasing the deviation which had 
been our difficulty. 

Society, I felt that his method involved the complete solution of the 
difficulty. He is now constructingtin automatic spectroscope, in which 
the modifications I have suggested have beon introduced ; and as 
complete success depends only on the exactness with which the mer 
chanical and optical relations are fulftlled, there can be no doubt of the 
result, for rigid accuracy is a chamctoristic feature of all Mr. Browning’s 
work. Let it be understood clearly that if I have any merit in the 
matter at all, it consists in pointing out two unnoticed good qualities of 
Mr. Browning’s own plan. Modified or not, the plan is altogether his. 
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Yet there ^is one important disadvantage in direct- 
vision prisms, more especially ivhen they ai'e‘ employed 
in researches requiring verj- neat and exact definition : 
it is, of course, wholly impossible to employ any method 
for securing minimum deviation. ^ 

A plan by which the dispersion in a battery of 
prisms may be doubled, falls next to be considered. 
Supposing A and B (fig. 32) to be two of the ordinary 
triangular prisms and c a right-angled prism half the 
size of the others, then the rays which" fall on c n are 
reflected back again through the battery. I need not 
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here describe the contrivance by which the emergent 
pencil can be viewed in such a case by a telescope 
in w|;xich there is a totally reflecting prism sending the 
light out at right angles to the axis of the tube. 
According to another arrangement, in place of such a 
prism as c, one is employed which by two total reflec- 
tions raises the rays to a higher level, so that (the 
prisms of the battery being twice as high as usual) 
the light returns by a separate course. 

I have devised a plan by which a much greater 
dispersion than has ever yet been gained may be com- 
bined with a perfectly true automatic adjustment for 
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all parts of the spectrum. In this plan Mr. Browning’s 
automatic method is extended to a second battery , 
while*tlie plan for returning the rays, illustrated in 
fig. 33, is employed in such sort as to double the dis- 
persive power of the double battery, ‘lig* shows 
the arrangement of the two batteries, a B is the 
light incident on the first battery, and the course of the 
light can be traced by the triple set of lines through the 


Fro. 33. 



double set of prisms, the dotted return lines showing 
the course of the return rays to emergence at C It 
will be seen that the large intermediate prism n e may 
be regarded as belonging to both batteries. 1 here is no 
loss of light in passing frdtn one battery to the other, 
since the reflection at T> n' is total. The close double 
lines show the direction of the slotted bars, E E being 
a long slotted bar kept square to the rays leaving the 
face b' e by means of the equality of G E and G E. 
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(It pivots round e and slots at F.)* The figure shows 
the arrangement of a battery having an effective dis- 
persing power equal to that of nineteen equilateral 
prisms of heavy flint-glass.f 

It must be remembered that what the spectroscope 
really does is to give a range of pictures of whatever 

Fig. 34. 


luminous object or part of an object would be visible 
through the slit if the spectroscope were removed. 

* It is not improvable that before these lines are read an int^tniment 
on this plan will have been constructed by Mr. Browning, to whom I 
have submitted the proposal. I cannot hut think that if the mechani- 
cal and optical difficulties which the plan involves can be overcome 
(and if he cannot overcome them I know not who can), such an instru- 
ment jrill prove of considerable service in researches into solar physics. 
It will be seen that the plan is only available where very strong light is 
to be analysed. But in dealing with the Sun this consideration intro- 
duces no new difficulty. 

t The double battery is represented in about the position correspond- 
ing to minimum deviation for the line g in the indigo ; and as the half 
prism can be made to pass over the ^slot at f, the automatic motion can 
be carried on till the visible extremity of the spectrum towards tlie 
violet is reached. Of course, in examining the red rays, the batteries 
open out, and there is no limit (except the length of the slots) to-motion 
in that direction, so that the red extremity of the spectrum can be 
overpassed if need be. Motion is communicated to the intermediate 
prism D d', by which means the range of the automatic action is divided, 
and greater truth of working secured. 
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Now, supposing such a portion of th^ solar photo- 
sphere is observed as is shown in the space s s\ fig. 34 
(s being the solar disc), the jimages of this portion will 
give us the spectrum li V, showing the dark lines due 
to the absence of certain images as exj)lained above ; 
and 710 other portion o f the disc produces any effect tohaU 
ever. It is very essential to remember this. We are 
in fact analysing under such circumstances the part 
,s* s' of the disc, and no other part. » 

If a spot or a facula be cross^cd by s /, then the 
spectrum we get is no longer that of a uniformly, or 

Fig. 35. 


# s 



almost uniformly, bright part of the solar disc. If .1 a' 
(fig. ilf)) represent an enlarged view of the spot and the 
space included by the slit, then this last, seen separately, 
M’ill be as 8 s'; and the spectrum will consist of a 
)iumbcr of images of s s' ranged side by side, so as to 
form a strip, as 11 v in fig. 34. Hence at the top and 
bottom of this compound spectrum there will be two 
narrow solar spectra corresponding to the parts s Parid 
8' r' ;* next to these will be two narrow spectra of the 
penumbral parts i* u and P' u' ; and about the middle 
a narrow spectrum corresponding to the umbral 



part u u', qll these spectra forming one compound 
spectrum, -whose red end is towards the left (assuming 
the dispersion to be as in the case illustrated in fig. 34) 
and it^ violet end towards the right. The nature of 
the penumbral and umbral spe(?itra will be stated 
further on. It is by comparing these spectra with the 
adjacent solar spectra that the spectroscopist is enabled 
to form an opinion as to the nature of the spots, and to 
make inferences as to the general physical constitution 
of the Sun. ^ 

Similar remarks apply to the case where a portion 
of facula, or pores, or mottlings, or any other features 
of the solar disc, fall within the space 5 s\ All such 
peculiarities tend to produce peculiarities in the result- 
ing compound spectrum; since the image of the por- 
tion $ s' is repeated along the whole length of the 
spectrum n y after the fashion already described. 

But, having considered these comparatively simple 
cases, let us deal with the subject which has of late 
attracted so much attention — the visibility of the spcc- 
trunvof the prominences when the Sun is not eclipsed. 
Further on the exact nature of the prominence spec- 
trum will be considered; but in this place I note only 
respecting it that it consists of bright lines. 

Now, suppose that p p' is a prominence, S s' the 
edge of the Sun, and s s' the space included by the 
slit. Then p' s', as in the former cases, produces a 
solar spectrum (which, however, commonly presents 
certain peculiarities when belonging to the edge of the 
Sun’s disc) ; the part p p' includes a portion of the 
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prominence, and gives a prominence-sp^trum -whicli 
we may suppose to be represented by the bright lines 
at C and F and near D. But it will also give a solar 
spectrum, for the light of our own illuminated air comes 
from the space incjjided within the sllt^ s s ' ; and as 
our air is illuminated by solar light, it x^roduces (accord- 
ing to rule 4, page 128) a solar spectrum. Also the part 
s p will give a solar spectrum due to the illuminated 
air. Now, the prominence P p' is absolutely obliterated 
from view by the illuminated air, which extends all 
round (and over, be it remembered) the place of the 
Sun. Since, then, if we looked at the space « s' alone, 



with whatever telescopic power, and with whatever 
contrivances for reducing the glare of light, the x>or- 
tion p // of the prominence P P' would be wholly in- 
visible to us, why, it may be asked, should the lings c, 
p, and the one near d — which are in truth but coloured 
images of the part p p'— be visible, although the spec- 
trum of the illuminated air falling within p' is spread 
over these lines precisely as the illuminated air is 
itself spread over the prominence? The answer is 
easy. The whole of the light of the illuminated air 
within the small space s p' is spread over the large 
space shaded with cross lines in fig. 36, and is reduced 
in intrinsic brightness , in corresponding proportion. 
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On tte Other Jjiand, the light of the prommencc-matter 
within p p' is spread only over the three lines shown in 
the figure' (and a few fainter ones), and is therefore 
proportionately but very little reduced. Hence if we 
only have enoifgh dispersive power^ we can make sui-e 
of rendering the prominence-lines visible, for we get 
the same luminosity for them whatever the length of 
the spectrum, the only effect of an increase of length 
l>eing to throw the bright lines farther apart ; whereas 
the atmospheric spectrum which forms the background 

Fig. 37. • 


s 



will obviously be so much the fainter as we spread its 
light; over a longer range. 

By this plan we get a certain number of images of a 
portion of a prominence — a mere strip so to speak ; and 
we can get any number of such portions, and in any 
direction as compared with the Sun’s limb. For ex- 
ample, if s s' (fig. 37) be the Sun’s limb, P P' a promi- 
nence, we. can get from such a strip as 5 / the,spec- 
trum R V. And obviously since the length of the bright 
lines tell us the length of the part p p' in figs.- 36 and 
37, we can^ by combining a number of such parallel 
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strips as s s', learn what is the true shap« of the pro- 
minence p r'. 

But the plan can be applied to show the whole of a 
prominence. For let us suppose that in place of a 
narrow strip as 5 m figs. 36 and 37, we Jiave a space 
such as is shown in fig. 38, through which, but for the 
intense brightness of the illuminated air, the prominence 
1 * v' would be visible. Then the part s s' of the Sun 
will produce a ^solai' spectrum — altogether impure, of^ 
course, on account of the great •width of s s', and 
brighter than the solar spectrum produced by / p' in 
the case illustrated by fig. 36 in precisely the propor- 
tion that s s' in fig. 38 is greater than s' p' in fig. 36. 


Fig. 38. 



All the remainder of the space, including the promi- 
nence r !>', will give an impure solar spectrum due to 
the illuminated air, and very much brighter than* in 
the cases illustrated in figs. 36 and 37, because so much 
more of this light is admitted through the open slit. 
Three coloured images will be formed of the promi- 
nences (other fainter ones need not be considered), 
one red at C, one orange near d, the other greenish- 
blue near f. These images will be as bright (neglect- 
ing variations in the intrinsic brilliancy of the promi- 
nence) as the corresponding lines in the cases illus- 
trated by figs. 36 and 37 ; but they will of course not 

n 


146 

be so well seen, since the background, as I have said, 
will be very much brighter than in those cases.^ They 
can be made as conspicuous only by an increase of 
dispersive power ; hence the importance of construct- 
ing prismatic batteries of great d^persive power. 

In connection with this portion of my subject it 
is necessary to remark that the bright lines seen 
in the prominence-spectrum are not uniformly wide 
throughout, hut commonly are wider close to the 
Sun’s limb. This -circumstance will be referred to 
more at length further on ; but it is proper to state in 
this place, that this increase of width is held to in- 
dicate an increase of pressure, because the researches 
of Plucker, Hittorf, Huggins, and Pranldand have 
shown that the^pectral lines of hydrogen grow wider 
as the pressure at which the gas exists is increased. 

And now, lastly, it remains that I should explain 
what has been justly regarded as the most wonderful of 

applications of the powers of spectroscopic analysis 
— ^the measurement of the velocity of recess or approach 
of stars, or other self-luminous objects moving witli very 
great rapidity. 

[Reverting to fig. 21, the reader will sec that the 
violet rays are most affected by their passage through 
the prism, the red rays le^st. Now, it has been demon- 
strated by the careful mathematical analysis ^ of the 

* I lefei here to the in-vestigations of CaTicLy, and Baden iTowolI, and 
others (see specially Canchy’s Mimoire mr la Dispersion) ^ not, of course, 
to the proof that vhen the differences of velocity are admitted, diffbrcncoa 
of refrangihility are accounted for. The latter may be regarded in fact 
as self-evident. 
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motions of light-waves that this differenca of refrangi- 
bility is due to the different velocities with which the 
longer %ht-waves forming ^ed light, and the shorter 
light-waves forming violet light, travel (respectively^ 
through material m^ia.* The shorter waves travel ■ 
more slowly than the long ones, and the difference is 
the greater according to the density (or approach to 
opacity) of the medium. So that, in fine, the. part of 
the spectrum formed by light of any order depends on 
the wave-length of that light ; and if under any cir- 
cumstances the wave-length could be altered, then the 
light of that order would no longer occupy the same 
portion of the spectrum, but would pass nearer to the 
violet end if the waves were shortened, and nearer to 
the red end if they were lengthened. , , 

Now, so far as we know, it never happens that light- 
waves of a certain length are really modified. Pre- 
cisely as waves of a certain breadth propagated along 
a canal are not found to change their breadth as they 
proceed, or, again, precisely as a sound of a certain tone 
docs not change in tone as it travels onwards, so light- 
waves of a certain length or order do not as they travel 
through ether, or through material media, become 
changed into light- waves of some other order, f 

* In the ether of space they tra-wel of course with appreciably equal 
volocitios ; otherwiso tlio satellites of Jupiter, after emerging from 
eclipse, would show the same changes of colour that we see in a metal 
heated ffom a red to a white heat. 

t I have sometimes been inclined to suspect, however, that under 
certain circumstances of excessive agitation within the substance of the 
source of light, the wave-length might be altered, precisely as waves 
travelling along a canal might be modified in length by the action of 
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But there^'is a circumstance which may cause the 
light-waves to appear to change in length. Supposing 
the source of light is approaching or receding at a very 
rapid rate — at a rate which bears an appreciable propor- 
tion to that of light— then the length of the light-waves 
must needs appear modified — shortened when the source 
of light is approaching, lengthened when it is receding. 
The same will also hold if the observer be carried very 
rapidly towards or from the source of light. To sec 
that this is so, it ic only necessary to consider that 
more light- waves must necessarily reach the observer 
in a given time when the source of light is approach- 
ing, than when it is at rest (with respect to him), and 
fewer when it is receding. They must then in one 
oase succeed eswh other more rapidly, and so seem to 
be separated by shorter intervals, while in the other 
they must succeed each other more slowly, and so seem 
to be separated by longer intervals.* 

the cause which gave them birth. When we know that tho c lino ot tlio 
prominences has been observed to be tranquil, while the i'' lino haw 
beerTbroken, the idea is certainly suggested that those molocular mo- 
tions within the substance of the hydrogen of the prominences, which 
produce that part of the light corresponding to the f line, may by 
some violent action be so far modified that the observed disturbanco of 
the wave-length corresponding to that particular line may bo brought 
about. It seems difficult to understand how, under any other circum- 
stances, one hne of the hydrogen s^iould be undistorted, while the other 
is, to use Professor Young’s description, ‘absolutely shattered.' 

* The principle on which this brief but sufficient explanation depends 
admits of several illustrations. I do not know of any which more 
clearly exhibits the true nature of the principle than one which I em- 
ployed in the first matter I ever wrote for publication, a paper on ‘ Th(5 
Colours of the Doubl^^ Stars,' which appeared in the Comliill for I)o- 
eemher, 1863. I quote the portion referred to: — ‘ Let the reader imagine 
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Now, Doppler, wlio first called attention to this cir- 
cumstance, supposed that an alteration of colour would 

a ' 

himself on the bank of a canal, observing a series of waves uniformly 
propagated along the stream. ... A very simple method will suffice 
to determine the breadth^ of the waves with any *required degree of 
accuracy. Lot the observer, fixing his eye on a certain wave, walk any 
measured distance (say 100 yards) at the same rate as the wave is mov- 
ing. Suppose ho accomplishes this dishince in 65 seconds. He knows 
then that th(i velocity of transmission of the waves is 100 yards in 65 
seconds. Let him now, standing still for 65 seconds, count the number of 
croHts that pass him in that time. Suppose 360 pass him. Then, from 
his first observation, he knows that the first which passed him has 
travelled 100 yards from him. Within fhat distance all the 360 
waves are uniformly distributed. Thus the breadth of each is l-360th 
part of 100 yards, or ton inches. This result is perfectly reliable if, 
during his second observation, his position on the bank has been un- 
changed. But let us imagine that he has made this observation from a 
truck — on rails by the canal’s edge — and that, unnoticed by him, the 
truck has glided uniformly along the rails. Pirst, suppose that this 
motion lias taken place in a direction contrary k) that of the wav(fs, 
and that while he i.s counting the passing crests the truck glides a dis- 
tance of 20 yards. It is evident that when the last wave passes him, the 
first is 120 yards, instead of 100, from him. Thus the 360 waves are dis- 
tributed over 120 yards, and the true breadth of each is 1 -360th part of 
1 20 yards, or 1 2 inches. If, on the other hand, the truck had moved over 
20 yards in the same direction as the waves, it is equally obvious that 
the 360 waves would ho distributed over only 80 yards, and the breadth 
of cacli would bo only 8 inebes. Similarly, at whatever rate the J:ruck 
moves, it is ovidimt that the observer can no longer depend on the 
result of his observations. If it moves in a direction opposite to that in 
which the waves travel, they appear narrower ; if it travel with thorn 
they appear broader than they really arc. Indeed, it is not difficult to 
conceive the tnu*.k to move in the same direction and at the same rate 
as the waves travel, in which case (If wo could suppose the observer to 
remain unconscious of that motion) all undulation would appear to him 
to have ceased, and tho water to have a waved but unmoving surface.’ 

This account illustrates in a very direct (and I think effective) man- 
ner the oflfoct of the approach or recess of a source of light. We see 
that tho effect dc'ponds on the ratio which tho v(ilocity of approach or re- 
cess bears to the velocity with wliioh tho waves travel. It will he seen 
at once that equal velocities of approach and recess produce equal but not 
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result; and |Jiis would ^ in fact^ be the case (though the 
alteration would under any conceivable conditions, be 
wholly inappreciable) if ^the source of light ‘mitted 
rays of a certain order only. But in the case of 
such a source bf light as a star— o^; the Sun — no change 
of colour could be produced, because though — to 
take the case of approach — the red light would be 
shifted towards the orange, while a portion of the 
violet would disappear, yet heat rays from beyond the 
red end would becoipe visible as red rays through being 
shortened, and so the spectrum would be complete as 
before. A similar result would follow in the case of 
recession. 

But the presence of dark lines in a spectrum gives 
the observer a far more effective means than mere 
change of colour would supply of determining the 
approach or recession of a source of light. If some 

eorrespondmg effects. For, ty tlie supposed velocity of 20 yards in 
65 secouds, the length of the waves is increased or diminished by two 
inches, hut the increase is only in the ratio of 6 to 5, while the de- 
crease is in the greater ratio of 5 to 4. Corresponding to this, we have 
the fftct that the approach of a star aX a given rate produces a greater 
relative effect on wave-lengths of any order than the recess of the star 
at the same rate 'would produce. 

Of course, in the interesting case of stellar approach or recess, tho 
problem is somewhat complicated by the Earth’s own motion, which 
does not take place in the direction of the star, nor necessarily in tho 
same plane. The successful measurement of the velocity with which 
Sirius is receding from us is a problem of such interest that I may bo 
permitted to note a very small contribution of mine to the work, in 
the determination of the formula for eliminating the effects of tlu^ 
Earth’s motion (i;) viz.—Earth’s motion towards star=^ cos K sin (I- 1') 
where I and V are the respective longitudes of the star and the Earth, 
and A is the star’s latitude. The contribution has no particular value, 
hut, such as it is, it chanced that I made it. 



ANALYSING SUNLIGHT. 


151 

recognised dark line in the spectrum of a star — say, for 
instance, the P line— is found not to agree exactly in 
positioli with the corresponding line in the spectrum of 
a fixed source of light — as a hydrogen flame, for instance 
— then the difference of position must he ascribed to a 
motion of recess or approach on the part of the star, 
and the rate of such motion may be determined by 
noticing the amount by which the line is displaced. 

Now, this method admits of being applied under 
exceptionally favourable conditions to the examination 
of solar cyclonic motions — if only these motions are 
sufficiently rapid to fall within the province of this 

Fio. 39. 

9 iv 

special mode of research. Tor we have in the lines 
appertaining to parts of the Sun which are rela- 
tively at rest the means of determining very surely, 
and measuring somewhat exactly, the displac^pient 
due to such motions as we are considering. 

Let us take as an instance the case represented in 

ficr. 39. Here s s', as before, represents the portion 
& . > 
of the prominence P r' which is under examination. 

Only a small part of the spectrum is shown, that 

nam^y, near the P line ; and the bright line of thi. 

prominence which under normal conditions coincides 

with the dark line P of the solar spectrum is seen to 

be displaced towards the violet. It thus appears that 




owing to a motion of approach affecting the portion of 
the prominence included within the nai'row space s /, 
the light-waves producing the F line seem shortened. 
The general fact of a motion of approach is thus ascer- 
tained. But the rate of approach c|.n also he measured ; 
for we know the length of the light-waves correspond- 
ing to the line Van der Willingen and Angstrom 
having independently determined the wave-length 
Qorresponding to the principal lines in the solar spec- 
trum. So that if we measured in any way the dis- 
tance of the bright F line of the prominence from the 
dark f line of the solar spectrum, we should be able to 
calculate the amount of the apparent change. A 
better plan, however, is available. For the bright 
solar spectrum (fig. ,39), as also the atmospheric spec- 
trum above, is crossed by other dark lines besides the 
F line, and these enable ns to see at once how tar 
the bright line has shifted. Suppose /, for example, to 
be another dark line of the solar spectrum, and that 
the bright prominence-line has moved half-way from 
its proper place towards then we know that its wave- 
length is changed to a value midway between the 
wave-length corresponding to the lines F and The 
change of value thus indicated gives ns at once the 


* This is true for such small di^lacements as are hero confiidored. 
For greater differences of refrangibility, no such simple proportions 
partly because the actual change of wave-length (foi; given 
differeuces of refraugibility) diminishes towards the violet end, and 
partly on account of the irrationality of dispersion for all known 
media -when the spectra they give is compared with what Angstrom 
nas called the normal solar spectrum. 
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rate of the motion of approach which affegts the portion 
of the prominence-matter corresponding to the space 
s because, though the ^ave-length corresponding 
to the line I will not be indicated in the tables of 
Angstrom or of Vai^der Willingen (whfct only include 
the principal lines) yet it is readily determinable^ and 
indeed may be regarded as a known quantity. And, 
in a similar way, if the line is shifted towards the red 
end, the velocity of recession of the pi^ominence-mattet 
can readily be determined. , 

But as a general rule the whole line would not be 
shifted bodily as in fig. 39 ; since indeed this would 
imply that the lohole of that portion of the prominence 
which is seen within the space 5 / was travelling bodily 
towai'ds the observer; whereas obviously such ^a 
motion could very seldom be expected to occur. Ordi- 
narily, then, we may expect to find a configuration of 
the bright line indicating varieties of motion. The 
same holds also in the case of portions of the solar 
photosphere, or spots, lying near the edge of the Sun’s 
disc (so that ordinary cyclonic motions within them 
may be capable of being recognised by the method we 
arc considering), or in the case of more central portions 
of the Sun’s disc where ascending and descending 

* The general rules on Trliich thej^calculation proceeds are sufficiently 
simple. Suppose the ware-length corresponding to the line I to be 
485-89 millionths of a millimetor, that corresponding to the line f 
being 486*39 such millionths. Then, since the prominence F-line 
appears half-way between f and ly the wave-length has been reduced 
to 486*19 millionths of a millimeter, or diminished by 0*2 such mil- 
lionths. Hence the velocity of approach of the prominence matter is 
_|^^ths of the velocity of light, or some 80 miles 'per second. 



rootions are tg-king place^ resulting in motions of recess 
or approach with reference to the terrestrial observer. 
In all such cases we may^ expect to find peculiarities 
in the affected lines, corresponding to varieties in the 
motion or ral^s of motion of the p%rts examined. 

I give a few examples, illustrating the way in wlucli 
such’ peculiarities are to be interpreted. I consider, 
for convenience, motions taking place in that coloured 
Envelope (whence the solar prominences seem to spring) 
which has been calleii the chromosphere : — 

Suppose s s' to represent the portion of the Sun and 
chromosphere under examination, 8 being the Sun’s 


Pig. 40. 
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limb, c c' the (invisible) outline of the chromosphere. 
Now, if the f line appeared as in i., we should conclude 
thatithe hydrogen in the part of the chromosphere under 
ex-amination was q^uiescent near the Sun’s surface, as 
far as motions of approach or recess are concerned 
(though it might he moving very rapidly in a direction 
square to the line of sight^, hut that at some distance 
from the Sun’s surface it was moving very rapidly 
towards the eye, the rate of motion increasing with the 
vertical height above the Sun. If, on the other hand, 
the spectrum appeared as at it. (fig. 40), we should 
come to a similar conclusion, substituting oiily a motion 
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of recession for one of approach. If^the spectrum 
appeared as at ill. we should conclude that to a certain 
level ^bove the Sun’s limj) there was a gradually 
increasing motion of approach, but that at and above 
that level there a motion of recession tolerably 
uniform in rate to a considerable height. The case 
would resemble those instances in our own atmosphere 
where an upper air current blows in a different 
direction than the air nearer the sea-level. If, lastly, 
the spectrum appeared as at iv'.^ we should conclude 
that to a considerable height above the Sun’s surface 
there was no motion of recess or approach ; but that 
in higher regions of the chromosphere there were masses 
(within the long range of chromospheric matter really 
included in the direction of the visual line) moving both 
from and towards the eye at an enormously rapid rate. 
The greater or less width of different parts of the 
bright line would indicate the greater or less pressure 
at which the hydrogen existed at the corresponding 
levels during the time of observation. Hence, a bulb 
on any part of the bright line would indicate a corre- 
sponding layer of relatively compressed hydrogen, while 
a marked narrowing would indicate a layer of hydrogen 
existing for the time at relatively low pressure. 

Similar considerations apply to the spectroscopic 
analysis of solar spots, or of faculous regions of the 
Sun’g surface, or generally of any regions where dis- 
turbances may produce solar atmospheric currents of 
approach or recess. Combining the observed shifting 
of portions of a spectral line with its observed thickness 
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and also witly its relative brightness or darkness (as 
indicative of greater or less temperature), we have a 
means of studying those conditions of motion, pressure, 
and temperature, respecting which the telescope alone 
can give us no 'information whatever. 

It is wonderful, indeed, to consider that that analysis 
of the dark lines of the solar spectrum which seemed 
half a century ago so unmeaning, those speculations 
of Doppler which but a quarter of a century ago were 
rejected by many as Y^oHy fanciful, and those inquiries 
as to the almost evanescent wave-lengths of light wliich 
from the days of Newton downwards had been ridi- 
culed as a complete waste of time and thought, should 
have resulted, under the labours of Bunsen andKirch- 
hoff, of Plucker, Huggins, and Frankland, and, finall}% 
of Angstrom and Van der Willingen, in a means of‘ 
dealing with problems so recondite and seemingly so 
hopeless. By an observation not occupying many 
seconds any clear-sighted observer, armed^ by our 
opticians with adequate spectroscopic power, can 
measpre the swiftness of the solar windstorm, can gauge 
the pressure of the solar atmosphere, and can estimate 
the relative temperature of spot and faculee, of photo- 
sphere and chromosphere, and, lastly, of the higher 
regions to which eruptions cast those masses of glowing 
vapour which form the solar prominences. 


r 



CHAPTEE IV. 


STUDY OF THE SUN’S SUBFACE. 

We may regaM the discovery of the spots on the Sun 
as the commencement of that long series of telescopic 
researches to which we owe our present knowledge of 
the solar orb. It is highly probable, indeed, that spots 
on the Sun had been seen and even watched for long 
intervals, when as yet astronomers were not aided by 
the powers of the telescope. But there is no reason to 
believe that the nature of the spots so seen, or even the 
fact that they are true solar phenomena, had ever been 
suspected by astronomers.* Whatever opinion we 


* Koplor supposed that in lines 441 and 454 of Virgil’s first G-eorffic, 
the solar spots wero referred to. For ‘ if any one,’ he reasons, ‘Should 
refuse to see anytliing else than an allusion to our clouds in the 
words 

‘ Ille ubi nascentem maculis variaverit ortum,^ 

I shall oppose to the interpretation this other verse : 

‘ Sin maculse incipient^rutilo inamiscerier igni.’ 

But tho latter verse is quite as applicable to clouds as the former. As 
regards tho occasional recognition of spots by the ancients, however, 
there Ifeems less room for doubt. We learn from Father MaiUa that 
tho Chinese recorded the appearance of spots on the Sun in the year 
321 A.D., and Acosta tells us that the natives of Peru told the Spanish 
invaders that the Sun’s face had in former times been marked with 
spots. In the year 807, a large spot was seen on the Sun fdr eight 
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may form of g^ncient records of solar obscurations, we 
must turn to tbe telescopic discovery of tlie spots for 
tbe real commencement of astronomical researches into 
the Sun’s physical condition. 

I do not propose to enter here^into the discussion 
which has been raised respecting the astronomer to 
whom the credit of having first seen the solar spots 
is to be assigned. This discussion has been pursued 
by grave authorities with an earnestness which would 
really seem to imply that they have regarded the 
matter as of serious importance. Let us simply recog- 
nise the fact that the credit of the discovery is not 
worth contending about/ and proceed to consider 


successiye days, and was supposed by those who were little familiar 
with the laws of planetary motion to he the planet Mercury. Arago is 
of opinion, also, that the transits of Mercury said to have been wit- 
nessed by Averrhoes, Scaliger, and Kepler himself (May 28, 1607) were 
only observations of Sun spots. It is worthy of notice tliat the 
ancients could very well have observed Sun spots, and have even traced 
the progress of these spots across the solar disc, had they employed the 
method which G-assenius adopted in observing the transit of Mercury 
in 1631. He admitted the Sun’s rays into a darkened chamber through 
a sma^ aperture in a shutter, and thus obtained an inverted imago of 
the Sun, on which, when the transit had begun, he could perceive the 
disc of Mercury. Although no spots are ever seen which, even in the 
nucleus, are so dark as Mercury, yet many (or rather all the noteworthy 
spots) present a much more conspicuous appearance than Mercury in 
transit. Kabricius, indeed, as we shall presently see, did actually 
apply this method. 

* It has been justly remarked hy*an eminent astronomer of onr own 
time, that the discovery of the spots was a necessary . sequel of the 
invention of the telescope; and whether Gralileo, or h'ahricius, or 
Seheiner, or Harriot, first set eyes on these objects, is a matter which 
can in no way increase the reputation of any one of these astronomers. 
To discuss the question of priority seems therefore to be simply a waste 
of time. 
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•what the first observers actually saw — a matter of 

* 

more moment. 

ProTn''a -work by Fabricius,* we learn that in the 
commencement of tlie year IGll, while observing the 
Sun just after sunrise with a telescopes of inconsider- 
able power^ lie noticed a black spot upon its disc which 
he supposed to be a terrestrial cloud. He found, 
however, that the object, whatever it was, belonged to 
the Sun. As the Sun rose he had to discontinue his 
observation Sj for he possessed no^ means of' mitigating 
the brilliancy of the Sun’s light. ^ My father and I,’ 
he says, ^ passed. the rest of the day and the whole 
night in great impatience, trying to think what this 
spot might be. If it is in the Sun,” I said, we 
shall no doxibt see it again ; if it is not, its motion 
will have carried it aw^ay from the Sun’s disc, and *so 
we shall be unable to see it.” On the next morning, 
however, to my delight, I saw the spot again. But it 
was not in the same place — a peculiarity which in- 
creased our perplexity. We determined to obtain an 
image of the Sun on a sheet of paper by permitting 
his rays to pass through a small hole in a darkened 
chamber, and in this way we saw the spot quite clearly 
in the form of an elongated cloud. For three days we 
were prevented by bad weather from continuing our 
observations; but at the md of that period we again 
saw the spot, which had crossed obliquely towards the 
western sid.e of the Sun’s disc. Another smaller one 

* Entitled De MacuUs in Sole observatis, &c., and published at 
Wittemberg ill 1611 . 
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had made its^appearance near the eastern edge^ and in 
a few days this second spot reached the middle of the 
disc. Lastly, a third spot appeared. The three spots 
vanished in the order of their appearance. I was 
hopeful that they would he seen^gain, but yet per- 
plexed by doubts and fears ; however, ten days after- 
wards the first re-appeared on the easteim side of the 
disc. I knew then that it had revolved completely 
3K)und (the Sun), and since then I have convinced my- 
self that thi^ is really the case.’ Tabricius studied 
the import of his observations, and came to the conclu- 
sion that the spots are probably upon the body of 
the Sun itself. ^ We invite the students of science,’ 
he says, ^ to profit by our description ; they will 
doubtless conclude that the Sun has a motion of rota- 
tion, as Jordanus*^ Bruno has asserted, and, more lately, 
Kepler. Indeed, I do not know what we could make 
of these spots on any other supposition.’ 

Galileo, at Florence, and Father Scheiner, a German 
Jesuit, besides independently discovering the spots, 
investigated the laws which regulate the motion of 
these objects. Scheiner was at first disposed to regard 
the spots as due to the existence of planets travelling 
round the Sun close to its surface, and indeed for 
a while these imagined planets were admitted as true 
members of the solar family under the title of the 
Borbonian stars.* But Galileo having pointed out 

* They are referred to under this name in Burton’s Anatomy of 
Mdanclwly (a very short time after their discovery), in that 
singularly interesting chapter which he entitles, quaintly enough, a 
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that the motions of the spots do not correspond to this 
hypothesis, but point clearly to the conclusion that the 
Sun if)tates on his axis in^ about a month, Schemer 
re-examined his hypothesis, and presently admitted 
that Galileo was in^the right. He then made a long 
and elaborate series of observations in order to deter- 

pigression of Ayre. The following passage from this chapter is siif- 
ficiontly aproy) 08 , and will, I donht not, interest the curious reader 
‘ In the meantime, the world is tossed in a blanket amongst thon;^; 
they hoyse the earth up and down like a hall, make it stand and goo at 
their pleasures. One saith the sun stands; another, he moves; a 
third comes in, taking them, all at rebound; and, lest there should any 
paradox ho wanting, he findos certain spots and cloudos in the sun, hy 
the help of glasses, which multiply (saith ICeplorus) a thing seen a 
thousand times bigger in piano, and make it come 32 times nooror to 
the eye of the beholder : hut see the demonstration of this glass in 
Tarde, by means of which, the sun must turn round upon his own 
center, or they about the sun. Fabritius puts onely three, and those in 
the sun: Apelles, 15, and those without the ^un, floating like tTie 
Cyanean isles in the Euxino sea. Tarde the Frenchman hath observed 
33, and those neither spots nor clouds, as Gjdileus {Epist. ad Vdsarim) 
siipposeth, hut planets concentrick with the sun, and not far from him, 
with regular motions. Christopher Schemor [Sehoinor] a Gorman 
Suissor Jesuit, TJrsica Eosa [Q,y., in his Horn Ursina)^, divides thorn in 
maculas et facidas, and will have them to bo lixed in soils sapurficw, 
and to absolve their periodical! and regular motion in 27 or 28 dayes ; 
holding withall the rotation of the sun tipon his center; and aro-all so 
confident, that they have made skonies and tables of tlnfir motions. 
The Hollander, in his disscrtatiunoula cum Apdk, censures all ; and 
thus they disagree amongst thomsolrcs, old and new, irroconcileablo in 
their opinions; thus Aristarchus, thus Hipparchus, thus Ptolomsous, 
thus Albateginus, thus Alfraganus,. thus Tycho, thus Eamorus, thus 
Kcoslinus, thus Fracastorius, thus ^opernicus and his adherents, thus 
Clavius and IHaginus, &;c., with their followers, vary and determine of 
those celostiall orbs and bodies ; and so, wliilost these men contend 
about the sun and moon, like the philosophers in Lucian, it is to ho 
feared the snn and moon will hide themselves, and be as much offended 
as shee was with those, and send another message to Jupiter, hy some 
new fangled Icaromenippus, to make an end of all those curious con- 
troversies, and scatter them abroad.’ 
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inixie tlie true period of rotation and the actual position 
of the solar axis of rotation. In his " Eosa Ursina ’ 
(a most monstrous volume)'*^ he published the I'esults 
of his labours. He assigned to the Sun a rotation 
period of between twenty-six and^ twenty-seven days. 
He also stated that the plane of the Sun’s equator is in- 
clined between 6^" and 8° to the plane of the ecliptic, — 
a very creditable result considering his means of obser- 
■\^tion, since the best modern measures assign as 
the value of this angle. 

Scheiner, Galileo, and Hevelius would seem to have 
independently recognised the fact that the solar spots 
are not of uniform brightness, but commonly sur- 
rounded by a fringe less dark than the central part. 
The last-named astronomer also recognised the exist- 
ence of certain bright streaks in the neighbourhood of 
the spots. He called these the faculge. 


* Yet not meriting the disparaging comments of Dolambre, who 
says, ‘ There are few boohs so diShse and so void of facts. It contains 
784 pages ; there is not matter in it for fifty The prolixity, however, 
belongs to the age in which Scheiner lived, and is by no means poculiax' 
to him. By a similar mode of judging, we should bo entitled to hold 
in derision the works of Kepler, Lalande thus writes respecting 
Scheiner. ‘Quoi qn’il en puisse ^tre de celui k qui le hasard a fait 
voir les taches pour la premiere fois, il est sfir que porsonne ne los 
observa aussi bien et n’en donna la th^orie d’une mani6ro aussi com- 
plete que Scheiner. Son ouvrage a 774 pages sur cette matiero, ot cola 
suifit pour faire voir avec quelle as^duit^ il s’en occupa, et combien il 
donna d’dtendue e, ses recherches. Hevelius le cite avec le plus grand 
eioge; “Incomparabilis etomnigengeeruditionis .... nt in hac^matoria 
omnibus palmam quasi prseripuisse diei posset.” ^ So much it has 
seemed fi.tting to say respecting a most laborious and ingenious inves- 
tigator, whose valuable researches into solar physics have not received 
the credit which they deserve. 
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A long senes of obseryations of S»n-spots now 
began, ^ and many hypotheses of more or less ingenuity 
were put forward to accounlifor the phenomena which 
they present. For some time, indeed, the possibility 
of then- existence w^s earnestly denied by the students 
of Aristotelian philosophy. It is impossible, they 
grayely urged, that the Eye of the Uniyerse should 
differ from ophthalmia; and it is related that when 
bcheiner communicated his discoyery of the soldS- 
spots to the proyincial of his ord^, the latter, who was 
an earnest Aristotelian, answered, ‘ I haye read Aris- 
totle’s writings from beginning to end many times, and 
1 can assure you I haye nowhere found in them any- 
thing similar to what you mention ; go, therefore, my 
son; tranquillise yourself ; be assured that what yqp 

take for spots in the Sun are the faults of your glasses 
or your eyes.’ 


Despite the defenders of Aristotle’s infallibihty, 
howeyer, the progress of solar research went on! 
Galileo continued his labours, until, from yiewing the 
Sun so often without the dark glasses now commonly 
employed, ho lost his eyesight. Scheiner, Heyelius, 
and other obseryers, added largely to the store of 
known facts ; and gradually the obseryation of solar 
spots began to be recognised as a regular part of the 
astronomer’s work. * 

I d^ not propose, howeyer, to giye a detailed ac- 
count of the obseryations made in those earlier years 
of telescopic obseryation of the Sun. Indeed, to giye 
a full history of those obseryations, and to extend the 
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same fulness ♦'^f narrative to later researches, would re- 
quire twenty or thirty such volumes as the present. 

I shall content myself with selecting certain illus- 
trative instances of solar ohservation by the earlier 
astronomers, choosing those observations specially 
which tend to introduce the results more completely 
educed by recent researches. 

Cassini writes thus of a spot observed by him in 
JSlugust 1671.* ' It is now about twenty years since, 

that astronomers hav^^ not seen any considerable spots 
on the Sun, though before that time, since the inven- 
tion of the telescope, they have from time to time 
observed them. The Sun appeared all that while with 
an entire brightness, and I saw him so on the ninth of 
the month of August. But on the eleventh of the 
same, about six a clock at night, being furnisht only 
vdth a three-foot glass, I remarked in the Sun’s disque 
two spots very dark, distant from his apparent centre 
about the third part of his semi-diameter. . . . The 
first of these spots, being look’d upon with a telescope 
of seventeen foot long, appeared of a somewhat oval 
figure ; the other was oblong and a little curved, like 
the Hebrew letter Jod ; and both together were sur- 
rounded by a corolla or coronet made up of little dark 
points’ (the penumbra) ^ which conformed itself to the 
figure of the spots, considered as they were joined 
together. . . . The twelfth of August, 1671,/- 1 ob- 

* Nm Observcdions of Spots in the Sm ; made at the JRoyal Academy 
of Taris on August 11, 12, and 13, 1671; and English! t out of ihe\ 
French. FhH. Trans, vol. vi. p. 2,251. 
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served them from the time of sun-rising, ^and perceived 
that they were nearer his centre. . . . The first was 
composed of two others almost round and conjoyn’d. 
The second represented the shape of a scorpion. The 
third was round ’ (tjiis is the first intirftation we have 
of the triplicity of the group), ^ and they were all three 
environed with a coronet, which was composed, as said 
above, of abundance of little obscure pricks. This 
coronet appeared to be clearer than the rest of the Sun 
when looked ‘upon with the short glass, and darker 
when seen with the long. Without it there were other 
points, but very black ones, viz. five near the round 
spot on the south side, and another near the scorpion’s 
tail on the north side. At eight a clock and forty- 
eight minuts, the figure of the scorpion was seen 
divided into several pieces, as if his tail and arms had 
been cut off. The northern point remained no more, 
there remaining none but those seen on the south side ; 
and the length of the enclosure of all the spots, com- 
prehended between the extremities, was of one minut 
and fifteen seconds, and the breadth of thirty seconds.’ 
On August 12 Cassini found no great change had 
taken place, but the black points outside the spot 
were now spread in a straight row. On the 13th 
^ the edge of the coronet was turned to a point on the 
south side.’ The spot liad indeed changed in that 
strange way which all observers of the Sun must be 
familiar with, the following extremity of the penumbra 
drawn out to a point which was so curled round as to 
be directed towards the preceding end of the spot. 



i66 


iim suK 


Cassiai after'syards traced the progress of this spot to 
the Sun’s limb. He remarks, ^ The apparent velocity 
niffh the centre was such that If it had continued the 

o ^ 

same, the spots would have arrived almost in four days 
to the limb of the disque ; but in tb,e hypothesis ’ — that 
they are either attached to the Sun’s surface or not far 
from it — ^ this apparent velocity was to lessen accord- 
ing as the spots should remove from the centre ; as 
hath come to pass in effect. The diminution in the 
length of the misty prown ’ (a strange name for the 
penumbra) ^was in a manner proportionat to the 
diminution of the apparent velocity ; since that wlicn 
this crown was in the midle, and in a scituation 
wherein its true figure could be best seen, it appeared 
oblong and of the form of an human ear, its greatest 
diameter respecting east and west ; hut being nigh the 
limb, this same diameter seemed to shorten ; and 
having appeared greatest in its first scituation, it 
appeared least in this, because it was almost in a 
circle that passed through the centre of the Sun, 
who%e equal arches are by so much the more oblique 
by how much they approach more to the limb of his 
disque, and consequently appear less according to the 
rules of opticks ; meantime the diameter that was 
turned from north to south apparently kept the same 
bigness it had near the centre, because it was in a 
ciriile almost parallel to the horizon of the Sun, /which 
formed the representation of its limb, and whose equal 
arches (by the same optical reasons) ^ do not appear 
contracted.’ - Tt will be seen by this reasoning — which, 
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being Interpreted, signifies that the effect of fore 
shortening was to make the spot seem^ongest in t 
direct square to a line from the Sun’s centre-that 
Cassim had on this occasion come very near to the 
discovery afterwards made by Dr. Wilson, that the 
nucleus of a spot is at a lower level than the solar 
photosphere. For had he hut noticed an excess of 
breadth in the penumbra nearest to the Sun’s limb, 
the same just reasoning which he applied to the fio-ryre 
of the spot would have enabled him to pronouncl at 
once respecting the relative level of the nucleus, the 
lieniimbra, and the photosphere. He gives a picture 
ot the spot close by the Sun’s limb, in which the 
penumbra is of equal width on the side next the 
centre and on that next the limb. Most probably no 
such peculiarity as Dr. Wilson detected, existed *in 
the case of this particular spot. In fact, so far as my 
own experience of the aspect of Sun-spots is con- 
cerned, spots such as the one observed by Cassini 
seldom exhibit the peculiarity in question in a manner 
which would enable an observer to theorise safely 
respecting the level at which nucleus, penumbra, and 
photosphere actually lie. 


In November 1769, Dr. Wilson, of Glasgow, began 
the careful study of a large spot (visible to the naked 
(iyo). The results which*'he deduced from its changes 
of appearance are of great interest and importance. 
When he first examined the spot (November 22) it 
was situated not very far from the western edge of the 
Sun’s disc. On the next day he found that the spot 
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had changed in appearance. ^ The penumbra which 
on the previous day was equally broad on all sides of 
the nucleus * was now very much contracted bn the 
side which lay towards the centre of the disc, while 
the other parted retained nearly their former dimensions. 
On the 24:th he again observed the spot. The distance 
from the limb was now only twenty-four seconds, and 
the contracted side of the penumbra had entirely 
vanished. The breadth of the nucleus on the same 
side also appeared to be more suddenly impaired than 
it ought to have been by the motion of the Sun across 
the disc.’ 

Dr. Wilson showed that these results correspond 
with those which would follow if the spot was a vast 
cavernous opening, having the nucleus at the bottom, 
and the penumbra forming its sloping sides. It only 
remained to be seen whether a corresponding succession 
of changes occurred when the spot re-appeared on the 
eastern edge, and thence passed across the solar disc. 
This actually happened. ^ On December 11, the spot 
appeared on the opposite side of the disc. It was then 
distant about a minute and a half from the edge. The 
side of the penumbra next the edge, which formerly 
vanished, was now wholly visible, while that turned 
towards the centre of the disc appeared to be wanting. 
On December 12 it came into view, and he saw it 
distmctly, though narrower than the other side.^ He 
did not see the spot again until December 17, when it 


* Propa Professor Grant’s abstract of the original 
excellent History of Physical Astronomy, 


narrative, in his 
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had passed *e eeatre of 4e disc, aad the penu„bra 

In fig. 41 the upper toV of spots represents the 
snecession of changes actually presented by this spot, 
while the lower shows what would oeeut as a spot 
traversed the Sun’s dise, if the spot were simply a 
surface stain with a penumbral fringe. It will be seen 



that the difference between the appearances depicted 
in tlio two rows is of a sufficiently marked character. 
It will also be noticed that even without any definite 
explanation of the peculiarities shown in the upper row, 
the mind at once recognises the fact that we have here 
to do with a cavity or depression. 

Let us examine, however, the line of reasoning by 
which Dr. Wilson demonstrated this. 




Let A, B, ^ (fig. 42)* be supposed to represent per- 
spective views of a saucer-shaped depression on the 
surface of a sphere— the depressions being all *of like 
dimensions (the sloping sides are, assumed in these 
three views tohe transparent). TJien it is obvious that 
to an eye, supposed to view them from above, the 
relative breadth of the black base and of the shaded 
sides would be indicated by the breadth of the dark 
and shaded spaces carried vertically upwards from the 


• Pig. 42. 



spots. Now, suppose the sphere to he rotated on a 
horizontal axis so that the spots are brought (their 
edges sliding as it were along the dotted lines) down 
to the positions a', b', c/ ^Then the relative breadths 
of the penumbra and nucleus will be indicated by the 

r 

* This figure in essentials closely resembles a figure in Pr. SeocKi’s 
ireeeutly published work on the S'un. It was drawn by me, howevor, 
and employed in illustrating lectures, nearly a year before Seech i’n 
book appeared. 
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distances separating these dotted lines, and must needs 
therefore be such as are shown in the figure. The 
shape ^f*the depression would also be as shown. We 
see, then, that to an eye watching a depression of this 
sort as it rotated from the position a' tt) the position 
o', changes of shape would be shown which correspond 
exactly with those recognised by Dr.' Wilson. 

This is the proper place to point out, however, 


Pig. 43. 



that Dr. Wilson’s observations were insufficient to 
demonstrate that a spot is a region which lies afi a 
tvhole beneath the solar surface. They show only that 
the nucleus of the spot he observed lay at a lower 
level than the penumbra." It is evident from fig. 43 
that appeaimces precisely corresponding to those ob- 
served by Wilson would be seen if spots were caused 
by a double layer of clouds in the solar atmosphere^ 
the lower opaque, the npper semi-transparent and ex^ 
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lending on all sides beyond the limits covered by 
the lower, feuch an interpretation has indeed been 
put forward in recent times by Kirchhoff, and*^is still 
maintained, I believe, by Sporer. 

Wilson’s physical interpretation of the occurrence 
of these solar depressions need not detain us here. 
They have not been regarded as so successful as his 
geometrical analysis of the observed phenomena. It 
i|i only just to add that he himself did not attach equal 
weight to them; for in answer to objections urged by 
Lalande to his theory that the spots are depressions, 
Wilson wrote thus in 1783 : — ^ Whether their first 
production and subsequent numberless changes depend 
upon the eructation of elastic vapours from below, or 
upon eddies or whirlpools commencing at the surface^ or 
upon the dissolving of this luminous matter in the solar 
atmosphere, as clouds are melted and again given out 
by our air, or, if the reader pleases, upon the annihi- 
lation and reproduction of parts of this resplendent 
covering, is left for theory to guess at,’ 

Passing also over the theories of Bode, which dif- 
fered in no important respect from those of Wilson, 
let us turn now to the observations and theories of 
the greatest observational astronomer the world has 
ever known — Sir William Herschel. I propose to 
treat at considerable length’what he has advanced upon 
the subject of the Sun, partly because of the great 
value of his work, but partly also to reclaim for him 
many discoveries which have been assigned to later 
observers. What these are I need not in every in- 
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Stance particularise ; but it seems to me, essential that 
the original observation of facts of so much interest 
and importance) only determinable by long and patient 
scrutiny of the Sun, should be assigned to their proper 
place. , • 

Let me begin by quoting the fine passage in which 
Sir William Herschel speaks of the central luminary 
of our system. 

‘Among the celestial bodies,’ he says, ‘the Sun 
certainly the lirst which should s^J;tract our notice. It 
is a fountain of light that illuminates the world I it is 
the cause of that heat which maintains the productive 
power of nature, and makes the Earth a fit habitation 
for man ! it is the central body of the planetary system ; 
and what renders a knowledge of its nature still more 
interesting to us, is that the numberless stars which 
compose the universe, appear by the strictest analogy 
to be similar bodies. Their innate light is so intense, 
that it reaches the eye of the observer from the re- 
motest region of space, and forcibly claims his notice.’ 

IN' ext let us hear his summary of the theories Tshich 
had been put forward respecting the physical constitu- 
tion of the Sun. I may note in passing that the open- 
ing remarks are as applicable in the present day as 
when Herschel wrote them : — ‘ I should not wonder,’ 
says the great astronomer, ‘if we were induced to 
think,that nothing remained to complete our know- 
ledge ; and yet it will not be difficult to show that we 
are still very ignorant, at least with regard to the inter- 
nal constitution of the Sun. The various conjectures 



174 


TUB BUN. 


which have been formed on this subject are evident 
marks of the uncertainty under which we have hitherto 
laboured. The dark spots in the Sun, for in^^tance, 
have been supposed to be solid bodies revolving very 
near its surface. They have beep conjectured to be 
the smoke of volcanoes, or the scum floating upon an 
ocean of fluid matter. They have also been taken for 
clouds. They were explained to be opaque masses, 
Sfvimming in the fluid matter of the Sun; dipping 
down occasionally. Jt has been supposed that a fiery 
liquid surrounded the Sun, and that, by its ebbing and 
flowing, the highest parts of it were occasionally un- 
covered, and appeared under the shape of dark spots ; ^ 
and that by the return of this fiery liquid they were 
again covered, and in that manner successively assumed 
different phases. The Sun itself has been called a 
globe of fire, though perhaps metaphorically. The 
waste it would undergo by a gradual consumption, on 
the supposition of itsbeing ignited, has been ingeniously 
calculated. And in the same point of view its immense 
powQT of heating the bodies of such comets as draw 
very near to it has been assigned.’ ^In supporting,’ 
he proceeds, ^ the ideas I shall propose in this paper 
with regard to the physical constitution of the Sun, I 
have availed myself of the labours of all these astrono- 
mers, but have been induced thereto only by my own 
actual observation of the solar phenomena, which, 
besides verifying those particulars that had been 
already observed, gave me such views of the solar 
regions as led to the foundation of a very rational 
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system. For having the advantage of former observa- 
tions, my latest reviews of the body of tie Sun were 
immediately directed to the most essential points; and 
the work was by this means’ facilitated and contracted 
into a ])retty narrow^ compass.’ 

' In the year 1779,’ he begins, ‘ there was a spot on 
the Sun which was large enough to be seen with the 
naked eye. By a view of it with a 7 -feet reflector, 
charged with a very high power, it appeared to be 
divided into two parts. The largest of the two on 
April 19 measured 1' 8"-06 in diameter, which is equal 
in length to more than 31,000 miles. Both together 
must certainly have exceeded 50,000. The idea of 
its being occasioned by a volcanic explosion, violently 
diiving away a fiery fluid, which on its return would 
gradually fill up the vacancy, and thus restore the Sun, 
in that place, to its former splendour, ought to be rejec- 
ted on many accounts. To mention only one, the great 
extent of the spot is very unfavourable to that supjiosi— 
tion. Indeed, a much less violent and pernicious cause 
may bo assigned, to account for all the appearances of 
the spot. 

‘ The Earth is surrounded by an atmosphere com- 
posed of various elastic fluids. The Sun, also, has its 
atmosphere, and if some of the fluids which enter into 
its composition should be of a shining brilliancy while 
others^ are merely transparent, any temporary cause 
which may remove the lucid fluid will permit us to see 
the body of the Sun through the transparent ones. If 
an observer were placed on the Moon, he would see the 
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solid body of our Earth only in those places where the 
transparent fluids of the atmosphere would permit him. 
In others the opaque vapours would reflect tKc light 
of the Sun without permitting his view to penetrate to 
the surface of "our globe. He woi;^ld probably also find 
that our planet had occasionally some shining fluids in 
its atmosphere ; ■ as, not unlikely, some of our northern 
lights might attract his notice, if they happened in the 
i^enlightened part of the Earth, and were seen by 
him in his long dark night! Nay, we have pretty good 
reason to believe, that probably all the planets emit 
light in some degree ; for the illumination which re- 
mains on the Moon in a total eclipse cannot be entirely 
ascribed to the light which may reach it by the refrac- 
tion of the Earth’s atmosphere.* . . In the instance of 
one large spot on the Sun, I concluded, from appear- 
ances, that I viewed the real solid body of the Sun 
itself, of which we rarely see more than its shining 
atmosphere.’ 

^In the year 1783,’ he proceeds, ^ I observed a fine 
large spot, and followed it up to the edge of the Sun’s 
limb. Here I took notice that the spot was plainly 
depressed below the surface of the Sun ; and that it 
had very broad shelving sides. I also suspected some 


* -There is, however, an important flaw in tho roasoning on which Sir 
William Herschel bases this opinion. He takes tho horiisontal refrac- 
tion due to a ray of solar light so entering tho Earth’s atmosphoro an to 
reach the surface of the Earth tangentially, without noticing that 
same amount of refraction will affect the ray as it passes owt of the 
terrestrial atmosphere. This error is repeated in Ferguson’s A$tronom 
and has since been often quoted without corraction; 
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observation agree with the ideas of solid bodies bobbing^ 
up and down in a fiery liquid— with the smoke of 
volcanoeSj or scum upon ^an ocean 5 and how easily Is 
it explained upon our foregoing theory. The removal 
of the shining atmosphere, which^permits us to see the 
Sun, must naturally be attended with a gradual dimi- 
nution on its borders ; an instance of a similar kind 
we have daily before us, when through the opening of 
a cloud we see the sky, which generally is attended by 
a surrounding haziness of some short extent, and 
seldom transits from a perfect clearness to its greatest 
obscurity.’ 

On August 26, 1792, Herschel examined the Sun 
with several powers, from 90 to 500. ^ It appears 

evidently’ he remarks, ^that the black spots are the 
opaque ground or body of the Sun ; and that the 
luminous part is an atmosphere, which, being interrui)ted 
or broken, gives us a transient glimpse of the Sun 
itself.’ He presently suggests that possibly even 
where, there are no spots, the real surface of the Sun 
may now and then be perceived — ^ as we see the shape 
of the wick of a candle through its flame, or the con- 
tents of a furnace in the midst of the brightest glare of 
it ; but this, I should suppose, will only happen where 
the lucid matter of the Sun is not very accumulated.’ 

A few days later he studied some well-marked 
faculae. In the neighbourhood of a dark spo^ pretty 
near the edge, ‘I saw,’ he says, ^ a great number of 
elevated bright places, making various figures. I shall 
call them facula, with Hevelius ; but without assign- 
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ing to this term any other meaning than what it will 
hereafter appear ought to be given to it.’ I see these 
facuhe Extended, on the preceding side, over about 
one-sixth part of the Sun ; but so far from resemblino- 
torches, they appear ^to me like the shrivelled elevat 
tionsupona dried apple, extended in length; and most 
of them are joined together, making waves, or wavino- 
lines. By some good views in the afternoon, I find 


Pro. 4^. 



The Sun’s corrugated surface. — Seccki. 


that the rest of the surface of the Sun does not contain 
any faculae, except a few on the following and equa- 
torial part of the Sun. Towards the north and south 
I see JSLO faculae ; there is all over the Sun a great 
unevenness in the surface, which has the appearance 
of a mixture of small points of an unequal light ; but 



THE SUN. 


180 

they are evidently an unevenness or roughness of high 
and low parts.’ 

The accompanying views (figs. 44 ancl'^45) of 
portions of the Sun^s surface^ as delineated hy Secclii 
with the fine telescope of the ^Eoman observatory, 
correspond exactly with this description. Note also 
the drawing by Chacornac (fig. 55) farther on. 

After a week’s observations of the faculae, Herschel 
^hus reasons about them ' The faculae being eleva- 
. Pig. 45. 


tions, very satisfactorily explains the reason why they 
disappear towards the middle of the Sun, and reappear 
on the other margin ; for, about the place where we 
lose them they begin to be edgeways to our view ; and 
if between the faculae should lie dark spots, they will 
most frequently break out in the middle of the Sun^' 
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• beca^usethey areno longer covered by the side views 
01 these faciiloe.’* 

On B^ptember 22, 1792, Herschel observed few 
aculas on the Sun and few spots, but the whole disc 
very much marked ryth roughness, like an orange, and 
TOme of the lowest parts of the inequalities blackish 
On the following day he thus associates this roughness 
•with the faculoQ ‘ The faculaj are ridges of elevation 
above the rough surface.’f ^ 

On Pchruary 23, 1794, Herschel noticed an appear- 
ance which is very well illustrated in Mr. Brownino-’s 
drawing of the Sun, Plate I. ‘ One of the black 
spots on the preceding margin, which was greatly 
below the margin of the Sun, had, next to it, a 
protuberant lump of shining matter, a little brighter 
than the rest of the Sun. About all the spots,’ he 
adds, ‘ the shining matter seems to have been dis- 
turbed; and is even lumpy and zig-zagged in an ir- 
regular manner. I call the spots black, not that they 
are entirely so, but merely to distinguish them ; for 
there is not one of them to-day which is not partly or 
entirely covered with whitish and unequally bright ne- 
bulosity or cloudiness. This in many of them comes 

« Porhaps the most convincing proof -we have of the fact that 
faculse are olovatione, is that supplied hy Mr. Dawes, who actually saw 
a facula projecting from the edge of the Sun’s disc. 

t The ohservation next following tho above in Herschel’s paper 
{PhU. vol. Ixxxv.) is worth citing, though the fact involved is 

now woll-known to all observers of the Sun. It runs thus 'Peb. 23, 
1794. By an experiment I have just now tried, I find it confirmed 
that the Sun cannot be so distinctly viewed with a small aperture and 
faint darkening glasses as with a largo aperture and stronger ones ; this 
latter is the mothod I always use.’ 
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near to an extinction of the spot, and in others, seems 
to brina: on a subdivision.’ 

On September 28, 179 ^ 4 , Sir William Herschel ob- 
served a spot similar in its general characteristics to 
that on the observation of whioji Wilson had based 
his hypothesis. ^ There is a dark spot in the Sun on 
the following side. It is certainly depressed below 
the shining atmosphere, and has shelving sides of 
^shining matter which rise up higher than the general 
surface, and are brightest at the top. The preceding 
shelving side is rendered almost invisible by the over- 
hanging of the preceding elevations ; while the fol- 
lowing is very well exposed ; the spot being apparently 
such in figure as denotes a circular forai viewed in an 
oblique direction. Near the following margin are 
many bright elevations close to visible depressions. 
The depressed parts are less bright than the common 
surface. The penumbra, as it is called, about this spot 
is a considerable plane, of less brightness than the 
common surface, and seems to be as much depressed 
belqw that surface as the spot is below the plane. Hence, 
if the brightness of the Sun is occasioned by the 
lucid atmosphere, the intensity of the brightness must 
be less where it is depressed ; for light being trans- 
parent, must be the more intense the more it is deep.’ 

Having thus described the most striking of his first 
series of observations, Herschel now proceeds to^ enun- 
ciate his theory respecting the solar constitution. 

He remarks, in the first place, that it cannot bo 
doubted but that the Sun has a very extensive atino— 
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sphere ; " and that this atmosphere/ he proceeds, 

^ consists of various elastic fluids, that are more or less 
lucid aad transparent, and of which the lucid one is 
that which furnishes us wifh light, seems also to be 
fully established by all the phenomena of its spots, of 
the faculee, and of tlie lucid surface itself. There is 
no kind of variety in these appearances but what may 
be accounted for with the greatest facility, from the 
continued agitation which we may easily conceive mus| 
take place in the regions of such clastic fluids.’ 

After dwelling on certain illustrations drawn from 
the clouds in our own atmosphere, which Herschcl 
(strangely enough) regards as ' decompositiom 

of some of the elastic fluids of the atmosphere itself/ 
Herschel points out that the analogy of our own atmo- 
sphere will not be less to his purpose to whatever caul^e 
the clouds may owe their origin. ^ The lucid clouds 
of the Sun, so to call them, plainly exist, because we 
see them; the manner of their being generated may 
remain an hypothesis, and mine, -till a better can be 
proposed, may stand good ; but whether it does or not, 
the consequences I am going to draw from what has 
been said will not be affected by it.’ * 

* It is a peculiaricy of Sir William Ilcrschors reasoning, that it is 
noarlj always divided very definitely into two portions, which yet 
many who study his writings are apt to confound. Wo find Wirtain con- 
clusions on which Sir William Herschel insists, and certain hypotheses 
which he simply enunciates. Bespectiug these last, ho has perhaps ns 
often h^n in the wrong as in the right, and it indicates his auj prising 
acumen, that so cron a proportion should bo ohsomd in the case of 
mere hypotheses. Eospocting the former, I cannot recall one instance in 
which he has been proved to have beou in error. Owing to his singular 
clearness of mental vision, and also in part to the extreme lucidity of 
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Herschel then states that he regards the spots as 
regions whefe the atmosphere is free from lucid clouds, 
the faculae as regions where such clouds 'are more 
numerous than elsewhere. ' .The penumbra being gene- 
rally depressed about half-way between the level of 
the nucleus and that of the photosphere, must of course 
be fainter than other parts. ‘ No spot favourable for 
taking measures having lately been on the Sun,’ he 
^ds, ‘ I can only judge from former appearances that 
the regions in which the luminous solar clouds are 
formed, adding thereto the elevation of the faculm, 
cannot he less than 1,843, nor much more than 2,765 
miles in depth. It is true that in our atmosphere the 
extent of the clouds is limited to a very narrow com- 
pass; but we ought rather to compare the solar ones to 
the luminous decompositions which take place in our 
aurora borealis, or luminous arches, which extend 
much farther than the cloudy regions. The density 
of the luminous solar clouds, though very great, may 
not be exceedingly more so than that of our aurora 
borealis. For if we consider what would be the bril- 
liancy of a space two or three thousand miles deep 
filled with such corruscations as we see now and then 
in our atmosphere, their apparent intensity, when 
viewed at the distance of the Sun, might not be much 
inferior to that of the lucid solar fluid.’ 


Ms descriptions, one isyery apt to forget, when he is deserihing mere 
h^theses that he is not discussing established conclusions'; and to 
is pro ^ y is due the fact that some of his wannest admirers do 
him the injimtice of insisting as earnestly on yiews which he put 
fo^ simply as hj^theses, as though they had been enunciated by 
mm as legitimate deductions fiiom obseryed facts. 
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From the luminous atmosphere of the Sun, Hersehel 
proceeds to the opaque body, which he surmises to be 
of great solidity, on account of the power it exerts upon 
the planets. From the phfenomena of those dark spots 
which have been rej)eatedly seen in the same place, 
‘ and otherwise denote inequalities in their level,’ he 
suggests that the Sun’s surface ‘ is diversified with 
mountains and valleys.’ 

Then follows that remarkable passage which every 
student of astronomy knows by heart ; but which yet 
(even though we may not accept— as I confess I do 
not— the opinions suggested in it) will well bear re- 
petition :~ 

‘ The Sun, viewed in this light, appears to he nothing 
else than a very eminent, large, and lucid planet, evi- 
dently the first, or, in strictness of speaking, the onfy 
primary one of our system, all others being truly 
secondary to it. Its similarity to the other globes of 
the solar system with regard to its solidity, its atmo- 
sphere, and its diversified surface ; the rotation upon 
its axis, and the fall of heavy todies, lead us on to 
suppose that it is most probably also inliabited,"like 
the rest of the planets, by beings whose organs are 
adapted to the peculiar circumstances of that vast 
globe. Whatever fanciful poets might say in making 
the Sun the abode of blessed spirits, or angry moralists 
deviso^in pointing it out as a fit place for the punish- 
ment of the wicked, it does not appear that they had 
any other foundations than mere opinion and vague 
surmise 5 but now I think myself authorised, wpoTi 
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astronomical principles, to propose the Sun as an in- 
habitable worlds and am persuaded that the foregoing 
observations, with the conclusions I have dfa^^n from 

r 

them, are fully suflScient to answer every objection 
that may be made against it.’ ^ 

Herschel proceeds to consider the objection founded 
on the great heat which here at a distance of so many 
millions of miles we receive from the Sun, and the 
tremendous nature of the heat which consequently 
(one would suppose) must affect the imagined inhabi- 
tants of the Sun. Our admiration for the greatest 

O 

astronomer of modern times must not cause us to lose 
sight of the fact that the reasoning at this stage of the 
inquiry is founded on inexact notions of the nature and 
laws of heat — though not such as in his day could have 
been unfavourably commented upon by most physicists. 
He remarks that the Sun’s rays are ^ the cause of the 
production of heat by uniting with the matter of fire 
which is contained in the substances that are heated.’ 
He then instances the snow-covered summits of lofty 
mountains, and the cold experienced by aeronauts ; 
and he concludes, ^ that we have only to admit that on 
the Sun itself, the elastic fluids composing its atmo- 
sphere, and the matter on its surface, are of such, a 
nature as not to be capable of any excessive affection 
from its own rays, which seems indeed to be proved by 
their copious emission.’ * 

* After noting other possible objections, Sir William Herschel— who 
did not disdain at times to be as imaginative and fanciful in theorising 
as he was exact and scrupulous in observing-proceeds to consider the 
possibility that the inhabitaijts of the Moon and of the satellites of 
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In a later paper (commuDicated to the Eoyal 
Society in 1801) Sir William Herschel records the 
results further obseryations. He draws special at- 
tention to certain characteristic features of the Sun’s 
surface. These are^ first, corrugations, which he re- 
gards as elevations and depressions causing the mottled 
appearance of the Sun ; secondly, nodules, or smaller 
elevations in the corrugations themselves over which 
they are distributed as bright spots; punctulations, o» 
dark spaces between the nodules; and pores, or ^darker- 
coloured places in the punctalations. He also enters 
into many particulars as to the behaviour of spots, 
pores, corrugations, nodules, and so on. To this 
valuable paper, as to the other, from which I have 
quoted, I would invite the attention of every reader 

Jupiter, Satiirn, and Uranus, regard the primary orbs round which 
the'y travel as mere attractive centres, to keep together their orbits, to 
direct thoir revolution round the Sun, and to supply them with reflected 
light in the absence of direct ilhimination. ‘Ought we not,’ he asks, 

‘ to condemn thoir ignorance, as proceeding from ^^ant of attention and 
proper roflijction ? It is very true that the Earth and those other 
planets that have satellites about them, perform all the ofaces that 
have boon named for the inhabitants of those little globes ; but Jo us, 
who live upon ono of these planets, their reasonings cannot but appear 
very d'=>foctive, when we soe what a magnificent dwelling-place the 
Earth aflfords to numberless intelligent beings. These considerations 
ought to make the inhabitants of the planets wiser than we hare 
supposed those of their satellites to he. We surely ought not, like 
them, to say, ‘The Sun (that immense globe, whose body would 
much moro than fill the whole orbit of the Moon) is merely an attractive 
centre to us. From experience we can affirm that the performance of 
tho mosfc*salutary olEfices to inferior planets is not inconsistent with the 
dignity of superior purposes ; and in consequence of such analogical 
reasonings, assisted by telescopic views, which plainly favour the same 
opinion, wo need not hesitate to admit that the Sun is richly stored 
with inhabitants.’ 
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Hitorosted in solar physics. Here I shall only quote 
two observations bearing on the periodicity of the dis- 
turbances^ >vyhich affect the Sun’s sur&ce. 'We have 
seen that in 1671 Cassini had for a long time noticed 
absence of Sun-spots. But nn July 5, 1795, Sir 
William Ilerschel remarked that the Sun presented 
an appearance far more remarkable, and such, he re- 
miu'ks, as differed wholly ‘from what he had ever seen 
4)efore. There was not a single opening in the whole 
disc; ^ there were no ridges or nodules, and no corruga- 
tions.’ On December 9, 1798, he noticed that a similar 
state of things prevailed. 

We may sum up as follows the views of Sir William 
Herschel as to the general constitution ,of the solar 
globe and surface : — He supposed the Sun to be an 
opaque globe surrounded by a luminous envelope. Ho 
considered that this envelope is neither fluid nor 
gaseous, but consists rather of luminous clouds floating 
in a transparent atmosphere. Beneath this layer or 
envelope of luminous clouds he conceived that there 
floats in the same atmosphere a layer of opaque clouds, 
rendered luminous on the outside by the light which 
they receive from the outer layer. These opaque clouds 
protect, according to this theory, the solid and rela- 
tively unilluminated nucleus of the Sun. When open- 
ings are formed in the same region in both layers of 
clouds, we see the body of the Sun as a dark spot. If 
the apertures are equally large, the spot will be 
uniformly dark; but if, as more commonly happens, 
the outer aperture is the greater, the dark nucleus of 
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the spot will seem to be surrounded by a dusky border. 
If the upper layer alone is perforated, a dusky spot 
withouttiny dark central portion makes its appearance. 
Herschel supposed that those spots in which both 
layers are broken through, are caused by an uprush 
of some highly elastic gas breaking its way through 
the lower layer, and then, after expansion, removing 
the upper self-luminous clouds. 

We shall see that while all the facts observed by» 
Herschel have been confirmed, and while his reasoning, 
SO far as it relates to observed facts, has been abun- 
dantly justified, some of his hypotheses have been 
disproved by recent observations. 

I pass on next to the researches of Sir John 
Herschel, recorded in that store-house of valuable 
facts, the ^ Results of Astronomical Observations at the 
South Cape.’ 

Sir John Herschel’s observations led him to pay 
I)articular attention to a feature of the solar surface 
which had been first noted by Galileo. The s])ots 
are confined to two definite zones, extending about 35°^ 
on each side of the equator ; an intermediate zone to a 
distance of some 8° on either side of the solar equator 
being ordinarily free from spots. Fig. 46 serves to 
indicate the regions where spots occur, and also (where 

* If WG may trust an observation of La Hire’s (wliicb, however, 
Mr. Oarrbgton, than whom no higher authority can bo cited, is dis- 
posed to reject), a spot has been seen as far as 70= from the Sun’s 
equator. In 1846 , Dr. Peters, of Altona, saw a spot 50 ° 65 ' h’Om the 
equator, while Carrington and Capocci have each seen spots about 45° 
from that circle. 
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the darkest zones are shown) those regions in 
spots occur most frequently 
and attain the greatest dimen- 
sions. The Sun is so placed 
in the four views as to show 
the way in which the spot- 
belts are actually presented — 

I. early in December; II. early 
in March ; III. early in June ; 
and IV. early in September, 

The actual dates are those 
indicated under the several fi- 
gures. I shall have to discuss 
further on those researches of 
Carrington and others into 
the laws of the Sun’s rota- 
tion and the position of the 
solar equator * on which these 

* It is surprising that in Lockyer’s 
Memmiary Lessons of Astronomy, not 
only are pictures admitted in which the 
eifects of the Sun’s inclination are alto- 
gether exaggerated, hut the author 
actually states that in September and 
March (corresponding to figs. 3 and 4) 
the paths of the spots are observed to 
he sharply curved. This is the more 
astonishing, because when that book was 
published, Mr. Lockyer had long been 
an observer of solar phenomena; and 
the slight nature of the curvature is a 
peculiarity which can hardly escape 
notice, even though observations are 
continued only for a few days in Sep- 
tember or in March. 


wdiicli 
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dates and the presentations shown in fio- 46 
founded. ® 

It was to the explanation of this peculiarity that Sir 
John Ilerschcl directed his chief attention. He remarks 
that the very existence of these zones ‘ at once refers 
the cause of spots to fluid circulations, modified, if not 
produced, by the Sun’s rotation, by reasoning of the 
very same kind whereby we connect our own system 
of trade and anti-trade winds with the Earth’s rotation.. 
Having given any exciting cause for the circulation of 
atmosi>l,erio fluids from the poles to the equator and 
back again, or vice vers&, the eifect of rotation will 
iiMCssarily be to modify those currents as our trade- 
winds and monsoons are modified, and to dispose all 
those meteorological phenomena (on a great scale) 
which accompany them as their visible manifestations, 
in zones parallel to the equator with a calm equatorial 
zone interposed.’ Thus far, be it observed. Sir John 
Herscdiel is dealing with observed facts, and pointing 
to almost inevitable conclusions. He passes on (follow- 
ing in this respect, as in so many others, the j)r 0 - 
cedure of his father) to hypothetical considerations, in 
dealing with the question — Whether any cause of atmo- 
spheric circulation can be found in the economy of the 
Sun, ‘ so far as we know and can comprehend it ? ’ 

Ho is thus led to the inquiry, whether a transparent 
atmosphere extends beyond the luminous surface of 
the Sun. He mentions the deficiency of light at the 
borders of the visible disc of the Sun, remarking that 
this feature is so obvious that he is surprised it should 
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ever have been controverted. He mentions in corro- 
boration ‘ the extraordinary phenomenon of the rose- 
coloured solar clouds witnessed during the to^ai eclipse 
of July 8, 1842, which must have floated in, and been 
sustained by, an exterior transparent atmosphere.’* 
And he suggests that this atmosphere must extend to 
some distance beyond the visible disc, because the 
darkening of the solar disc is not limited to the im- 
mediate neighbourhood of the edge but extends some 
distance within the disc.! 

Assuming the existence of such an atmosphere, the 
rotation of the Sun would cause the outer surface of 
the atmosphere to take up an oblately spheroidal 
figure, the least axis of which would correspond with 
the polar axis of the Sun. ‘ Consequently, the equatorial 
portions of this envelope must be of a thickness 
different from that of the polar, density for density, so 
that a different obstacle must be thereby opposed to 
the escape of heat from the equatorial and the polar 
regions of the Sun. The former therefore oueht, 

*■ Sir John Herschel thus wrote, less thoughtful astronomers 

were questioning whether these prominences belong to the Sun, whether 
they may not be lunar mirages, or phenomena of the Earth’s atmo- 
sphere, or finally, whether they have any existence at all. 

t This argument, however, is not strictly sound. The extension of 
the darkening over the disc indicates shallowness rather than depth. 
This is easily seen, if we consider that were the atmosphere indefinitely 
deep, the luminosity of the disc would be uniform. In the actual case, 
of course, the atmosphere is not uniformly dense ; but still the reason- 
ing IS analogous, and the extension of the darkening over the disc 
implies shallowness rather than the reverse; though not the same 
degree of shallowness as would follow in the case of an atmosphere of 
uhiform density. 
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according to this reasoning, to be habitually maintained 

at a different temperature from the latter.’ *The snnts! ’ 
adds Sn-SrohnHerschel,^wouldcome,on this view of the 

subject, to be assimilated to those regions on the Earth’s 
surface an which, for.the moment, hurricanes and tor- 
nadoes prevail-the upper stratum being temporarily 
carried downwards, displacing by its impetus the two 
strata of luminous matter beneath (which may be concei- 
ved as forming an habitually tranquil limit between the • 
opposite upper and under currents), the upper of course 
to a greater extent than the lower, and thus wholly 
01- partially denuding the opaque surface of the Sun 
beloiy. Such processes cannot be unaccompanied by 
vorticose motions, which, left to themselves, die away 
by degrees and dissipate-with this peculiarity, that 
t eir lower portions come to rest more speedily than 
their upper, by reason of the greater resistance 
below, as well as the remoteness from the point of 
action, which lies in a higher region, so that their 
centre (as seen in our water-spouts, which are nothing 
but small tornadoes) appears to retreat upwarilst 
JNow, this agrees perfectly with what is observed during 
the obliteration of the solar spots, which appear as iT 
filled in by the collapse of their sides, the penumbra 
closing in upon- the spot, and disappearing after it.’ 

With all deference to one who is as high an authority 
in meteorological and thermological questions (which 
are both involved in this matter) as in astronomical 
matters, I must venture to point out what appears to 
me a flaw in the reasoning by which an excess of heat 

0 
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is assigned to tlie solar equator. If we assume tliat 
the depth of the solar atmosphere is really greater at 
the solar equator, then cannot but admit ''as an in- 
eyitable sequel that this atmosphere checking, as it does, 
(and as the theory itself requires^) the radiation of heat 
from the solar equatorial regions to a greater extent 
than that from the polar regions, would cause the 
former regions as observed by us to appear deficient 
•in heat-rays (and presumably in light-rays also). The 
deficiency must certainly become observable if the 
amount of heat retained in this way were ade(][uate to 
produce the eflfects described by Sir John llerscliel. 

I am not endeavouring, be it understood, to negai ivc 
the general conclusion to which Hcrschel has been led, 
that a diflference of condition really prevails between 
the equatorial and polar regions to a degree sufficing 
fo account for the spot zone as a zone of solar cyclones. 
Very probably this difference of temperature sul)sissts, 
and almost certainly, whatever the cause may be, the 
spot zone is a zone of solar tornadoes. liut the 
imagined action of a deep atmospheric layer over the 
solar equator seems incompatible with the observed 
appearance of the solar disc. 

We come next to a most important scries of observa- 
tions directed by Schwabe, of Dessau, to the determina- 
tion of the laws according to which the number and size 
of the solar spots may vary from time to time. Such at 
least was the character which Schwabe’s researches 
eventually assumed. At first they were directed to 
less important objects, though from the beginning the 
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observation of tlie Sun on evciy day wlien,its face can 
be seen formed a part of Scluvabe’s plan. * 

His cibs'ervations began the year 1826, during 
which many spots were visible from time to time upon 
the Sun’s face; iiideej}, on the 277 days during ^rhich 
the weather permitted Sclnvabc to observe the Sun, 
there were but twenty-two on which no spots could be 
seen. In the next year there were even more spots, 
and only two days when none were seen. In the next * 
two ycais the Sun s face was not on any day seen 
without spots. In 1830 only one day occurred on 
which no spots could be seen ; in 183 1 , only three. But 
in 1832 there were no less than forty-nine days (out 
of 270 on which observations were made) during which 
no spots wore seen. In 1833 there were 139 such days 
out of 2G7; in 1834, 120 out of 273 ; in 1835, 18 out 
of 244 ; and then followed four ycays during which not 

a single, observing day occurred on which no spots were 
visible. 

Schwabe recognised even at this early stage of the 
uiquiry (only twelve years having as yet elaiiscd since 
he began liis researches) that a certain periodicity 
marks the occurrence of Sun-spots, or, rather, the re- 
currence of years rich and poor in such phenomena. 

It IS true that as he had noted but one full jieriod, it 
might seem that he had absolutely no evidence 'on 
which to ground such a view. But in the observation 
of periodic variations, there are other features besides 


* ‘ I went out lilco Saul/ lio afterwards 
asses, and lo 1 I found a king:dom/ 


said, ‘ to sook my father’s 



the periodic return of maxima or minima to guide tlio 
experienced observer. The progression towards ami 
from the maximum or minimum is as instructive wlion 

r 

carefully watched as the recurrence of many maxima. 
The observer requires only to assure himself that this 
progression possesses certain characteristic-s^ to icud 
assured that he is dealing with no accidcTital relations, 
but with true periodic changes. Those characteristics 
^’are, chiefly^ a steady (not uniform) progression fi'om 
maximum to minimum, and vice vcts&^ a rapidity of* 
change midway between maximum and minimum as com- 
pared with the rate of change near either of these stag(^s, 
and a certain uniformity of character in the jwogressitm 
towards each stage (though the progression from mini- 
mum to maximum may not resemble in charju^ter 
the return towards the minimum). These chnrjuv 
teristics Schwabe noted, and he felt satisfied that tin? 
numerical relations of the solar spots vary in a truly 
periodic manner. 

But he felt that further observations were nciccssary 
to convince the scientific world —always slow to recog- 
nise new truths, or to accept results not rendered 
palpable, so to to speak, by an accumulation of evidence. 
He laboured on therefore for twenty more years, tra- 
cing the gradual increase and diminution of spots in 
frequency and in their general dimensions, until he had 
completed the observation of no less than throe conuplctc 
oscillations from maximum frequency through mini- 
mum back to maximum again. It began to bo felt 
that Schwabe was establishing his case, and accordingly 
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tlic scientific societies of Europe (somewhat tardily, it 
must be admitted) accepted the result which Schwahe 
had dem’onstrated,— viz., that the solar spots increase 
and dimmish in frequency and size in a period of about 
ten years. The following remarks, addressed by the 
Ecv. Mr. Main, then President of the Royal Astrono- 
mical Society, in awarding to Schwahe the Society’s 
Gold Medal for 1857, justly express the importance of 
Schwahc’s researches : — , 

M hat the Council wish most emphatically to 
express is their admiration of the indomitable zeal and 
untiring energy which Herr Schwahe has displayed in 
bringing that research to a successful issue. Twelve 
years he spent to satisfy himself; six more years to 
satisfy, and still thirteen more to convince mankind. 
For thirty years never has the Sim exhibited his disc 
<ibovc the horizon of Dessau without being confronted, 
by Schwabe’s imperturbable telescope, and that ap- 
peal's to have happened on an average about 300 
days a year. So that supposing he observed but once 
a day, he has made 9,000 observations, in the course of 
which he discovered 4,700 groups. This is, I believe, 
an instance of devoted persistence (if the word were 
not equivocal, I should say pertinacity) unsurpassed 
in the annals of astronomy. The energy of one man 
has revealed a phenomenon which had eluded even the 
suspicion of astronomers for 200 years.’ 

But even after these thirty-one years of labour, 
Sehwabe continued his observations. With the excep 
tion of a few weeks during which he was unwell, he has 
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watched the Sun as pertinaciously as ever until the 
present time. The results of his labours (so far as the 
question of the periodicity of spot-frequenc;f is con- 
cerned) are included in the table on the next page. 

The careful study of Schwalbe’s results (combined 
with such scattered records as the observations of 
former astronomers supply) has led Professor Wolf, 
of Zurich, to the conclusion that a period of 1 1 T 1 years 
^or the ninth part of a century) is indicated, I'ather 
than a ten-yearly period. He also recognises the 
existence of minor periods. ‘He finds,’ says Sir John 
Herschel, ‘ that a perceptibly greater degree of apparent 
activity prevails annually, on the average of months of 
September to J anuary, than in the other montlis of the 
year; and, again, by projecting all the results in a con- 
tinuous curve, he finds a series of small undulations 
succeeding each other at an average interval of 7*65 
months, or 0*637 of a year. Now, the periodic time of 
Venus (225^), reduced to a fraction of a year, is 0*616,— 
a coincidence certainly near enough to warrant some 
considerable suspicion of a physical connection.’ A 
long period, estimated at about fifty-six years, has also 
been suspected. 

The most cursory examination of the numbers in 
the table given in the next page, sulfices to indicate the 
peculiarity that the progression from minimum to 
maximum is more rapid than the progression from 
maximum to minimum. In other words, if we regard 
the periodic changes of spot-frequency in the light of 
a series of waves — the maxima corresponding to the 
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Year ! 

Days of observation 

Days withont spots 

^ Kcw groups 

182«* 

277 

22 

118 

1827 

273 

% 2 

161 

1828 

282 

0 

225 

1829 

244- 

0 

199 

1830 


1 

190 

1831 

2;B 

3 

149 

1832 

270 

49 

84 

1833 

207 

139 

33 

1834 

273 

120 

51 

1835 

244 

18 

173 

1830 

200 

0 

272 

1837 

108 

0 

39a *' 

1838 

202 

0 

282 

I8:i9 

205 

0 

102 

1840 

203 

3 

152 

1841 

283 

15 

102 

1842 

307 

64 

68 

1843 

312 

149 

34 

1844 

321 

111 

52 

1845 

332 

29 

114 

1846 

314 

1 

157 

1847 

276 

0 

257 

1848 

278 

0 

330 • 

1849 

285 

0 

238 

1850 

308 

2 

186 

1851 

308 

0 

14J 

1852 

337 

2 

125 

1853 

299 

4 

91 

1854 

334 

65 

07 

1855 ’ 

313 

146 

28 

1856 

321 

193 

34 

1857 

324 

52 

98 

1858 

335 

0 

202 • 

1859 

343 

0 

205 

1800 

332 

0 

211 

1861 

322 

0 

204 

1862 

317 

3 

160 

1863 

330 

2 

124 

1864 

325 

4 

130 

1865 

307 

26 

93 

1800 

349 

76 

45 

1807 

312 

195 

25 

1«08 

301 

12 

101 

1869^ 

196 

0 

224 


* This line is from tho records of the Kott Observatory. 
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crests of the waves and the minima to the ^troughs’ — 
the front slope of each wave is more abrupt than the 
rear slope. ^ 

One of the most remarkable of the results following 
Schwabe’s noble discovery was the recognition of an 
association between the Sun-spot period and magnetic 
disturbances on the Earth. 

In every part of the Earth the magnetic needle has 
^t any given epoch a certain definite position about 
which, under normal conditions, it would oscillate during 
the day. Both as regards inclination and direction 
with respect to the compass-points (called the magnetic 
declination), this position may be regarded as determi- 
nate, at least for every fixed observatory ; and, further, 
the intensity of the needle’s directive power, that is, 
tie energy with which, if slightly disturbed, it seeks to 
recover its position of rest, may also be regarded as 
determinate. From year to year all these magnetic 
elements undergo change ; but with these changes we 
are not here concerned.^ Changes of a much more 

* ^may note liere my belief that tbe reeognition of tbe laws affoet- 
ing tbe secular -variation of the Earth’s magnetism would bo RimplilicHl 
if attention were primarily directed to the magnetic linos doterminccl 
by the inclination of the needle, instead of to thoso which elepond on 
tbe intensity of the directive action. Fully admitting the w^oight of 
General Sabine’s arguments as to the importance of the intopsity, and 
as to its being the more essentially magnetic element, as it were (north 
and south, or vertical and horizontal, haring no direct relation to the 
Earth’s magnetic forces), I yet cannot hut regard tho inclination as 
affording the more trustworthy means of determining tho goof^raphical 
features (so to speak) of terrestrial magnetism. As tho matter is of 
some importance, I will exhibit the reasons on which I found this 
opinion, leaving others to judge whether they are or are not valid. 
The intensity, as well as the inclination and declination (which together 
form one magnetic feature,— the position of rest), is doubtless affected 
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minute character^ and the changes affecting these 
changes are what we have at present fo deal with. 
Each dnf the needle oscillates gently about its position 
of rest, the oscillation corresponding to a very slight 
tendency on the part of that end of the needle which 
lies nearest to the "feun to direct itself towards his 


by local circiiBistaBccs ; so tbat, Hiiporposed, as it were, on tho normal 
intensity, there is an intensity doponding on local conditions ; and so 
in like maarier, as to tlio inclination and dt^elination. Now, the question 
arises, wliieh of thoao two features is likdy to be most dgvljiemfjy 
affected by these doiibtloss slight peculiarities? In dd-ermining, foi' 
example, the position of the magnetic equator and polos, with reference 
to intensity or inclination, would the error duo to some small incromoiit 
or deeromont of intensity caiiso a greater or loss divergence from the 
true position than a correspondingly small ineremont or (hieromont of 
inclination? Tlic answer is obvious. Tho intensity-equator is tlio line 
of minimum intensity, and tho intensity polos aro points of maximum 
intensity. Near a minimum or a maximum, ’quantities change very 
slowly, and thus a very minute increment or decrement would largely 
shift tho estimated place of minimum or maximum intensity. Ikit a 
corresponding incromont or d(‘cremoiit of inclination would have no 
such effect, because tho inermation elnmges as (piiekly near tho inclina- 
tion-equator and poles as on any iucliiiation-latitude. 

The ease may fairly be compared to the dotormination of the geo- 
graphical equator aiul poles. Undoubhdly gravity is a far more 
essentially torrosl rial clemont than tho olovatiou of tlici ]Kde star, or of 
th(^ true poh^ of the heavtms; and alHo,undoubt(^dly) Mirth’s ('fpiator 
is tins region where gravity is least, while the poles are regions wliore 
gravity is griuit,(‘st. Yet those reasons are not considi'ml snfllcient to 
induce us to takt^ tho force of gravity as the most satisfactory indication 
of latitude, or to lead us to mark down as the true equator of the 
Earth that lino along which <‘ar(vful obsiTvation slmws that gravity 
has its minimum value. We know, in fact, that, however excellent the 
observations might be, the deduced lino would diffi^r very importantly 
from tho true equator. 

A similar objection may ho urged on like grounds against tho stress 
laid on the position of tlie lino of no declination ; since from tho very 
nature of this lino minute local poculiarities must cauB© enormous 
irregularities, and (when coupled with secular variations) the most 
rapid and remarkable changes of figure. 
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place, ilie daily oscillation is itself variable in a 
systematic ifianner, not only witli tlie progress of the 
year, but with that of the lunar month. daily 

oscillation also varies at times in a sudden, and irrcirular 

O 

manner. The needle has been exhibiting for several 
■weeks the most perfect uniformity of oscillation. I')ay 
after day the careful observation of the needle’s pro- 
gress has revealed a steady s'waying to and fro, such 
js may be seen in the masts of a stately ship at anchor 
on the scarce-heaving breast of ocean. Suddenly a 
change is noted; irregular movements become per- 
ceptible which are totally distinct from the regular 
periodic oscillations. A magnetic storm is in progress, 
and its progress does not affect only the place of 
observation, but widely-extended regions of the I'lartli ; 
a&d in some well-authenticated instances, these magnet ic, 
vibrations thrill in one moment the whole frame of tlui 
Earth. 

Lament, of Munich, was the first to announce that 
these magnetic disturbances attain a ma.ximuni of 
frequency in periods of about ten years. Tliis was in 
1856. Two years later General Sabine and (in- 
dependently) Professors Wolf and Gautier noted the 
coincidence of this period with that of the solar spots. 
Of course, mere coincidence in duration was not the soie 
circumstance on which they based this conclusion. It 
was the coincidence of maximum of spot-frec[ucncy 
with maximum of magnetic disturbance, and of mini- 
mum with minimum, which enabled them to assert the 
true correspondence of the two periods. 
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Wolf subsequently proved that the period of mag- 
netic disturbances has the length of 11 -11 years, which 
he had"'assigned as the correct value of the solar spot 
period. 

A rcliitioii so strange miglit well excite grave doubts. 
Coincidcnces have so often misled men of science, and 
indeed it is so certain in tlie very nature of things that 
misleading coincidences must occur, that physicists 
were justified in requiring further evidence. Suoli 
evidence fortunately was not wanting. Independently 
of the continuance of observation and the close cor- 
respondence which has been observed during the past 
score of years between Sun-spots and magnetic phe- 
nomena, an occurrence of a very interesting nature 
served in 1859 to place beyond all possibility of ques- 
tion the influence which solar action exerts upon tlie 
Earth’s magnetism. I have so often described the 
occurrence in my own words that I think it well in 
the present instance to give the words of the two 
tclescopists by ■whom it Avas independently observed, 
especially as the details of the observation have re- 
cently been called in question. 

On September 1, 1859, Mr. Carrington was engaged 
in talcing his customary observation of the forms and 
positions of the solar spots. ^ I had secured diagrams,’ 
he says, ^of all the groups and detached spots, and 
was engaged at the time in counting from a chrono- 
meter and recording the contacts of the spots with the 
cross-wires used in the observation, when within the 
area of the great north group (the size of which had 
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previously excited general remark) two patches of 
intensely bright and white light broke out’ in the 
naiddle of the group. ^ My first impression was/ lie 
adds^ ^ that by some chance a ray of light liad j)enc- 
trated a hole in the screen attached to the object glass, 
by which the general image is thrown into sliade, for 
the brilliancy was fully equal to that of direct sun- 
light ; but by at once interrupting the current obser- 
vation, and causing the image to move by turning the 
right ascension handle, I saw I was an unprepared 
witness of a very different aflPair. I thereupon noted 
down the time by the chronometer, and seeing the out- 
break to be very rapidly on the increase, and being 
somewhat flurried by the surprise, I hastily ran to 
call some one to witness the exhibition with me, 
and on returning within 60 seconds, was mortified 
to find that it was already much changed and en- 
feebled. Yery shortly afterwards the last trace was 
gone, and although I maintained a strict watch for 
nearly an hour no recurrence took j)lacc. The 
spots^ liad travelled considerably from their first 
position, and vanished as two rapidly fading dots of 
white light. The instant of the first outburst was 
not fifteen seconds different from llh. 18m. Green- 
wich mean time, and llh. 23m. was taken for the time 
of disappearance. In this interval of five minutes, 
the two spots traversed a space of about 35,00CVmiles 
It was impossible on first witnessing an appearance so 
similar to a sudden conflagration, not to expect a con- 
siderable result in the way of alteration of the details 
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of the group in which it occurred ; and I was certainly 
surprised^ on referring to the sketcli wliicl? I had care- 
fully and* satisfactorily (and I may add, fortunately) 
finished before the occurrence^ at finding myself un- 
able to recognise any change whatever as having taken 
place. The impressmn left upon me is that the phe- 
nomenon took place at an elevation considerably 
above the general surface of the Sun^ and accordingly 
altogether above and over the great group in which hi 
was seen projected. Both in figure and position the 
patches of light seemed entirely independent of the 
configuration of the great spot, and of its parts, whether 
nucleus or umbra.’ 

Mr. Hodgson’s account (written before he had ^ ex- 
changed any information ’ with Mr. Carrington) runs 
as follows : — ^ While observing a group of spots on 
September 1, I was suddenly surprised at the appear- 
ance of a very brilliant star of light, much brighter 
than the Sun’s surface, most dazzling to the protected 
eye, illuminating the upper edges of the adjacent spots 
and streaks, not unlike in effect the edging of the 
clouds at sunset ; the rays extended in all directions ; 
and the centre might be compared to the dazzling bril- 
liancy of the bright star Alpha Lyrm when seen in a 
large telescope with low power. It lasted for some five 
minutes, and disappeared instantaneously, about llh. 
25m. A.M.’ It seems probable that whereas two spots 
were seen by Mr. Carrington, who observed the solar 
imago projected on a screen, these were blended, 
owing to their extreme brilliancy, into the semblance 
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of a single spot when observed in tlie telescope itself 
by Mr. Hod|son. 

At the moment when the Sun was thus clictiirbed;, 
the magnetic instruments at Kew exhibited those 
signs which indicate the occurrence of a inagnetic 
storm. ^ It was found/ says Dr. Balfour Stewart, 

^ that a magnetic disturbance had broken out at the 
very moment when this singular appearance liad been 
(^hserved.’ But this was not all. A magnetic storm 
never rages without accompanying signs of disturbance. 
Auroras in both hemispheres, and the interruption of 
magnetic communication all over the Earth, are the 
signs of a great magnetic storm. Both these evidences 
of great disturbance were afforded during the hours 
which followed the solar outbreak witnessed by Car- 
riflgton and Hodgson. Vivid auroras were seen not 
only in both hemispheres, hut in latitudes where 
auroras are very seldom witnessed. Even in Cuba the 
sky was illuminated by the auroral, radiance. Strong 
earth-currents were observed along telegraphic lines, 
and these currents continually changed their direction, 
while all the time the magnetic needles in fixed ob- 
servatories were kept markedly on one side of their 
normal position. ^ By degrees,’ says Sir John Ilers- 
chel,* accounts began to pour in of great auroras seen 

^ I have beeii careful, it will Ije noticed, to q^uote tlio words of many 
autliorities in dealing with, this matter. The aeeoimt I gayA in my 
Other Worlds than Ours has been cavilled at by the Cavilian Professor 
of Astronomy as if it had been based on imagination ; so that I hayo 
thought it well to re-examine the records and statements from which 
that account was really taken (though by the aid of memory instead of 
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on tlic nights of those days, not only in these latitudes 
hut at Home; in the West Indies; on the tropics 
within of the equator where they hardly ever 
appear); nay, what is stilfmore striking, in South 
America and in Austa-alia,— where, at Melbourne, on 
the night of September 2, the greatest aurora ever 
seen there made its appearance. These auroras were 
accompanied with unusually great electro-magnetic 
disturbances in every part of the world. In manyj 
places the telegraphic wires struck work. They had 
too many private messages of their own to convey. 
.(Vt IVasliington and Philadelphia, in America, the 
telcgiaphic signal-jnen received severe electric shocks. 
At a station in No?'way, the telegraphic apparatus 
was set fire to; and at Boston, in North America, a 
flame of fire followed the pen of Bain’s electric tele- 
graph (wluc.h writes down the message upon chemically- 
prepared paper).’ 

It is demonstrated then that some association exists 
between the disturbance of the solar photosphere and 
the phenomena of terrestrial magnetism. Wha^ the 
nature of the association may.be is not so clearly ap- 
parent. We have seen that the solar spot period has 
been supposed to bo associated by Wolf with the mo- 
tions of the planets, and we shall presently see that the 
phenomena of spots,— as their cl^nge of form and of size, 
the regmns in which they appear, and so on, — have been 


transcription). Altliougli several years had elapsed since I read those 
statements, I do not find that my account reijuired correction in a single 
essential particular. 
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conceived to depend on the plane taiy motions. If these 
views be correct, we should have to account for laws 
of association between the planetary motions,"^ terres- 
trial magnetism, and solar spots. But which of these 
three orders of phenomena should be regarded as the 
cause of the others ; or whether the association be of the 
nature of cause and effect, and not rather due to some 
as yet unknown common cause of the two latter classes 

phenomena ; or whether, finally, the planets’ motions, 
without being the direct cause of the other phenomena, 
yet indirectly brings them about, remains to be de- 
termined.* 

Let us next turn to Mr. Carrington’s researches, 
intimately associated with Schwahe’s, and among the 
most important of all the contributions which have 

r 

* I would point out, howeyer, that tlio consideration of tho asso- 
ciation here discussed led Greneral Sahine, Professor Cluillis, and Dr. 
Stewart to inquire whether the coloured prominences of tho. Sim imiy 
not he due to solar auroras. Since wo now know that the prominonciis aro 
not of this nature, may we not transfer the sugg(‘stion to the solar 
corona and the zodiacal light? May not those ho tho ti;iio solar 
auroras? The latter, at any rate, gives the same Bpoctrum as the 
aurora, and the former gives a spectrum closely analogous. If, 
as G-eneral Sabine suggests, an auroral outburst in tho Sun ‘may 
perhaps he responded to simultaneously by the different planets, so that 
the whole solar system would seem to thrill almost like a living being 
under the magnetic excitement,’ it seems at least probable that tlui 
solar auroras would extend to distances enormously exceeding those 
assigned them when the prominences wore taken to be such auroras. 
And as we have abundant evidence that terrestrial auroras occur where 
the atmosphere has an inconceivable rarity, it would soemr possible 
that under the enormous action of the Sun, oven tho quasi-vacimm of 
the interplanetary spaces might he traversed by electrical discharges. 
The meteoric systems occupying more or less densely the whole of 
these spaces, would seem to afford the requisite channel for this electric 
action. 
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been made in recent times to our acquaintance with 
solar physics. ^ 

The (fbject to which Mr. Carrington specially 
devoted his energies was the endeavour to detect 
regularity in the distriJ)ution of the spots, the determi- 
nation of the true peidod of rotation of the body of the 
Sun, and the detection of ^ systematic movements or 
currents of the surface, if such existed in a definable 
manner.’ In these researches he perfectly succeeded. ^ 

It would be desirable if space permitted to describe 
Carrington’s method of observation, and the exact and 
systematic processes by which he deduced his results. 

I must be content, however, so far as these points are 
concerned, to refer the curious reader to Carrino-ton’s 

o 

voluminous and masterly treatise, in which also will be 
found an interesting account of the results obtained 
by former observers. Here I have room only for the 
conclusions to which he was led by his series of obser- 
vations, which commenced in the year 1853 and ended 
in the year 1861. 

He discovered, in the first place, that the’ discrcpp,n- 
cies between the values formerly deduced for the 
Sun’s rotation, arise from real differences in the velo- 
cities with which the spots move in different solar 
latitudes. Near the equator a spot moves at a rate 
indicating a more rapid rotation than in higher latitudes. 
Further,^ even among spots in the same latitude, proper 
motions may be recognised. These latter motions are 
to be regarded, however, as abnormal, and simply 
rendering unreliable such observations as are made on 

P 
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but a few spots. The peculiarities affecting the motions 
of spots in 'different latitudes have been reduced by 
Mr. Carrington into a formula.* The following table 
gives the observed rates of rotation for different lati- 
tudes (the formula being based on these values) 


deg. 

60 N. Lat. 



gun’s rotation-period. 
d. h. m. 

27 10 41 

Botation per day 

m. 

787 

30 „ 



26 

9 

46 

824 

20 „ 



25 

17 

8 

840 

15 „ 



25 

9 

10 

851 

10 „ 



25 

3 

29 

859 

5 „ 



25 

0 

42 

803 

0 Equator 



24 

2 

11 

807 

6 S. Lat.t 



24 

23 

18 

805 

10 „ 



25 

6 

35 

856 

15 „ 



25 

13 

31 

. ‘ 845 

20 „ 



25 

17 

52 

839 

o 

CO 



26 

12 

50 

. 814 

45 ,, 



28 

11 

0 

. . 769 


* This formula is as follows Let J be the angle through which a 
‘fiaot of the Sun in latitude X rotates in one day. Then 
I = 14:0 26' - 165' 8ini\. 

Spdrer gives the formula 

( = 16°*8475 - 30-3812 (sin X + 41® 13'). 

t It is remarkable that in all southern latitudes the observed daily 
mean rotation is less than in the corresponding northern latitudes. It 
is doubtful whether we have in this relation any indication of the true 
cause of the observed variations in the rate of rotation, or merely a 
peculiarity which would have disappeared in a longer series of obsei'va- 
tions. In favour of the former view, we have the consideration that 
the determination for each southern as well as for each northern lati- 
tirde was independently effected, so that the coincidence of the results 
indicates the existence of some real cause. If Sir John Herschol is 
right in considering that the more rapid rotation near the solar equator 
implies the action of external matter in maintaining the rotation of the 
photosphere, it may he suggested that the northern surface of the Sun 
being directed somewhat more fully towards that region whither the Sun’s 
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I sliQilI have occcisioTi to dwell furtlier on upon the 
significance of the varying rotation-period* deduced for 
differeni^olar latitudes. Tliis^^^rcsult of Mr. Carrington’s 
labours cannot but be regarded as one of the most im- 
portant contributions^ recently made to our knowledge 
of solar physios. 

Spdrer has re-examined the whole subject, taking 
into account later observations, and in particular those 
■which have been made by Fr. Secchi. The following* 
table includes the general elements of the solar rota- 
tion as deduced by Carrington and Spdrer, and reduced 
by Secchi to the year 1869 : — 


Elomonts 

Carrington 

SpUrer 

Longitude of node of solar equator 
Inclination of solar equator 

Diurnal rotation 

Kotation-period 

73® 57' 

7 15 

U 18 

25<^- 38 

74° 37' 

6 57 • 

14 20-64 

25''- 2340 


(No weight can be attached to the last two decimal 
figures in Spdrer’s value of the diurnal rotation and the 
rotation period.) In fig. 46 the varying presontajion 
of the Sun towards the Earth on account of the inclina- 
tion of his equator to the Earth’s orbit is exhibited as 

proper motion is carrying him (see the concluding chapter of this work, 
and the illustrative cuts), •would probably be more exposed to the influ- 
ence of this external action — ‘the frictional impulse of circulating 
planetary matter in process of subsidence into, and absorption by, 
the contra! body’— much as our northern homisphoro is saluted 
with a larger number of meteoric missiles from June to December, 
when the northern hemisphere is in advance, than from December to 
June, when this hemisphere is towards the more sheltered side of the 
Earth. 
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exactly as ;gossible. On or about December 6^* the 
Earth crosses the plane of the Sun’s equator (passing 
southwards), and then the^ Sun is presented as®at i, fig. 
46. Three months later^ the Earth reaches her greatest 
distance south of the solar equat(jr, so that on or about 
March 6 the Sun is presented as at ii. On about 
June 5 the Earth again crosses the plane of the 
solar equator, this time passing northwards, and the 
'^un is presented as at in. Lastly, on about Sep- 
tember 5, the Earth reaches her greatest distance 
north of the solar equator, and the Sun is presented as 
at ly. 

The observations of Schwabe and Carrington have 
been continued, under improved conditions, by De La 
Eue, Stewart, and Loewy. The powers of photography, 
under the able superintendence of Mr. De La Eue, 
have been applied to secure records of the aspect of the 
solar disc on every clear day. But independently ot 
the valuable series of records thus obtained, the three 
physicists above named have undertaken a careful scru- 
tiny, not only of the solar photographs taken at Cran- 
ford and afterwards at Kew, but of the observations 
made by former students of the solar surface. Accumu- 
lating a vast mass of records, they have applied pro- 
cesses of statistical research to educe any information 

* The date for any year can always be determinecl from the almanac. 
It is only necessary to note when the Sun’s longitude is 180° + the 
longitude of node of Sun’s equator (say 180° + 74°, or 254'^). In like 
manner, the Earth is again in the plane of the solar equator when the 
Sun’s longitude is about 74°. The solar longitude is given for each day 
in Hannay's Ahnanac, in the last column of the first page for each 
month. 
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respecting the Sun, which, though in reality contained 
in observations already made, may not lie* at or even 
near tlie^'surface.* 

In the three papers by De La Rue, Stewart, and 
Loewy, entitled ‘Researches on Solar Physics,’ we find 
an extension and elaboration of the modes of research 
employed by Wilson, Schwabe, and Wolf. Where 
Wilson inquired into the behaviour of individual spots, 
our three allies discuss the peculiarities presented by*% 
hundreds of spots. Where Schwabe discussed the 
number of new groups of spots, they consider the area 
of the spotted portion of the Sun’s surface. And, lastly, 
where Wolf examined the evidence which the nume- 
rical statistics respecting spots afford in favour of the 
theory that the planets exert an influence on the solar 
envelopes, De Da Hue and his colleagues inquire into 
the behaviour of individual spots as they approach or 
cross the region towards which the several planets lie, 
they examine the general distribution of spots as re- 
spects proximity to the equator under certain circum- 
stances of planetary position, and by discovering oAer 
like peculiarities they obtain evidence altogether dis- 
tinct in character from that adduced hy Professor 
Wolf. 

Taking first the question whether the umbras of spots 
are below the level of the photosphere, the inquirers 
examing 605 observed cases of spots having measurable 

* It is a promising sign of progress when students of science are thus 
willing to discuss tlio labours of others as wellastlieir owu, undeterred by 
the fear of being called mere theorists. 
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penumbraj, and they find that while in seTenty-five in- 
stances the penumbra is equal on both sides (referring 
to Dr. Wilson’s mode of dealing with the queton), in 
456 instances the penumbra was widest on the side 
nearest the limb, while in seventy-four the penumbra 
was narrowest on that side. Hence the percentage of 
favourable instances is 75‘37 ; of unfavourable cases, 
12*23; and of neutral cases, 12*40.* This seems to 
qolace the existence of a real depression beyond question ; 
while at the same time it demonstrates the truth of 
what Carrington has said respecting Wilson’s obser- 
vations, that ‘ there is more variety in the appearances 
than Wilson confesses to, and there are marked depar- 
tures from his description of foi-m, which is rather one 
specific type out of several which might be adduced, 
and will be familiar to every one w'hen photography 
has furnished us with forms on which all, whether 
observers or not, may rely.’ I would invite the 
special attention of the reader at this point to Plate I., 
where Mr. Browning has delineated a case in which 
two^ spots close by each other exhibit altogether dif- 
ferent characteristics, one agreeing with Dr. Wilson’s 
description, the other presenting an opposite peculiarity. 
I was much struck with the great variety observable 
in this respect, when I was drawing the picture which 

* ^ the Researches the neutral instances are not taken into account, 
and thus the percentage of favourable cases becomes 86-04, aiid that of 
unfavourable eases 13-96. But the rejection of neutral cases is not in 
accordance -mth the accepted rules for dealing -with such matters. I 
TOse reason for making an exception in this particular 
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illustrates this chapter (Plate II.), though the low 
power I employed did not permit me to seethe minuter 
details of the spots.* 

Next, investigating the relative position of spots and 
their accompanying faculae, our inquirers find that out 
of 1,137 spots, 584 have their faculae either wholly or 
mostly on the left — that is, behind them, as respects 
the motion of solar rotation, 508 have the faculse nearly 
equally on both sides, while only forty-five have them 
faculse mostly on the right. ^ The most natural ex- 
planation of this would be,’ they say, ^ that the faculae 
of a spot have been uplifted from the very area 
occupied by the spot, and have fallen behind to the left 
from being thrown up into a region of greater velocity 
of rotation.’ 

Thirdly, they attack the following question: — ^ Is a 
spot, including both umbra and penumbra, a pheno- 
menon which takes place beneath the level of the Sun’s 
photosphere or above it?’ They note in evidence on 
this .matter, that there are many instances in which 

* Tho telescope I employed was a very small one, about 2 J inclies in 
aperturo. I usod an ordinary erecting eye-piece, baving a power of 
about 26. Thus seen, the Sun appeared in the middle of a large field, 
and I could scarcely have believed that I should have been able to 
recognise the features I had seen with larger telescopes and higher 
powers. I had never before examined the Sun with so low a power (for 
four years before the day on which the design for Plate II. was drawn I 
had had few opportunities for observation), and it was with a sense of 
considerable pleasure that I found the familiar features coming clearly 
into view as I scrutinised the tiny image more and more searchingly. I 
found myself able to comprehend better than ever before how Galileo 
witli his small telescope and low power (30) had been able to detect so 
many features of the Sun’s surface. 



^ a bridge of luminous matter of the same apparent 
luminosity as tbe surrounding photosphere, and iin ac- 
companied by any penumbra, appears to cross over the 
umbra or centre of a spot.’ Detached portions of 
luminous matter are also seen at times to move across 

r- 

a spot without producing any permanent alteration. 
‘ On these accounts,’ say the inquirers, ^ we are disposed 
to think that a spot, including both umbra and penum- 
bra, is a phenomenon which takes place beneath the 
level of the brighter part of the Sun’s photosphere.’ 
Summing up the results of this portion of their 
researches, they express their belief that, — 

1. The umbra of a spot is nearer the Sun’s centre 
than the penumbra, or, in other words, it is at a lower 
level. 

2. Solar faculae, and probably also the whole pho- 
tosphere, consist of solid or liquid bodies of greater or 
less magnitude, either slowly sinking or suspended in 
equilibrium iu a gaseous medium. 

3. A spot including both umbra and penumbra 
is phenomenon which takes place beneath the level 
erf the Sun’s photosphere. 

, As respects the sequent series of researches by 
which Messrs. De La Eue, Stewart, and Loewy have 
endeavoured to estimate the influence of the planets 
upon the solar spots, it is to he remarked that the 
evidence adduced seems as yet not wholly (Jecisive. 
They believe that it has been rendered probable that 
Venus exerts a special influence on the solar spots, 
and that the conjunctions of the planets also aflfect 
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importantly; the condition of the solar photosphere. 
There is room, in my judgment, for som^ doubt as to 
the justice of either conclusion. It should not be 
forgotten that the planetary^ system presents so many 
periodic relations as to render it almost certain that 
any observed periodic changes in the Sun’s condition 
may be associated statistically with some period of 
planetary motion— sidereal, synodical, nodical, or other- 
wise."^ There is a remark towards the close of 
Carrington’s volume on the solar spots, which bears 
very significantly on this subject. After exhibiting 
the relation between the phenomena of the solar spots 
(as tabulated by Professor Wolf) and Jupiter’s varia- 
tions of distance, he says, that ^from the year 1770, 
there is a very fair agreement between maxima of 
frequency and maxima of Jupiter’s radius vector, afid 
between minima and minima;’ . . . but ^ in the two 
periods which precede that date there appears to be a 
total disagreement.’ ^ It is important,’ he then adds, 
^ to see before us an instance in which eight consecutive 
cases of general, but imperfect agreement, between the 
variations of two physical phenomena, are shown to be 
insufficient to base any conclusion upon, at the same 
time that they powerfully stimulate further inquiry 
with the view of ascertaining whether the discrepancy 
may admit of future explanation,’ 

* I was much struck with this fact when perusing a valuable contri- 
bution by Professor Kirkwood to the subject of planetary influences on 
solar phenomena. His long experience in dealing with such matters 
enables him to exhibit relation after relation, each showing a remark- 
ably close agreement, as respects period, with periodic solar phenoi^iena. 
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I Would by no means be understood to imply, bow- 
ever, that I^regarcl the conclusions of Messrs. De La 
Eue, Stewart, and Loewy, respecting the if.fluences ^ 

exerted by the planets on solar phenomena, as Inadmis- 
sible. On the contrary, I regard them as, on the 
whole, the most probable yet advanced. Based as 
they are on observed facts and on statistical relations, 
they are worthy of the most attentive consideration, 
ffhey do not seem to me, however, to be by any means 
demonstrated, nor are they so regarded (it is proper 
to add) by their propounders. 

It remains only that I should indicate in a general, 
and necessarily brief manner, those features of the Sun’s 
surface which recent observations have revealed to us. 

Let me begin with the famous ^willow-leaves.’ It i 

was announced by Mr. Nasmyth in 1862 that the 
pores seen in the solar photosphere are ^ polygonal in- 
sterstices’ (I quote Sir John Herschel’s account) ^ be- 
tween certain luminous objects of an exceedingly 
definite shape and general uniformity of size, whose 
form (at least as seen in projection in the central 
portions of the disc) is that of the oblong leaves of a 
willow-tree. These cover the whole disc of the Sun 
(except in the space occupied by the spots) in countless 
millions, and lie crossing each other in every imaginable 
direction.’ The appearance of the Sun, according to 
this view, is exhibited in figs. 47 and 48, both of which 
are from drawings by Mr. Nasmyth. ^ 

This announcement led to a controversy which still 
xemains undecided. Mr. Dawes asserted his belief i 
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that no such interlacing as Mr. Nasmyth described is 
ever observable among the small bright spots which lie 
scattered over the general ground of the photosphere ; 
that these spots can in no sense be said to resemble 
willow-leaves, thouglj they present every variety of 
figure and size ; and, lastly, that they had been long 
known to solar observers, and are, in fact, no other than 


Fm. 47. 




U ■ i 












Bun-spot observed by Nasmyth, showing three bridges composed of solar 
willow-leaves. {Nasmyth.) 


the nodules of Sir William Herschel. ^ The only 
situation/ he wrote, ^ in which I have usually noticed 
them to assume anything like the shape of willow- 
leaves, .is in the immediate vicinity of considerable 
spots, on their penumbra3, and frequently projecting 
beyond it for a small distance on to the umlra , — an 
appearance with respect to which, in April 1852, I 
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used the following expressions : — The interior edge of 
the penumbra frequently appears extremely jagged; 
the brigkf ridges on its surface, wdiich are directed 
nearly towax’ds the centre of the spot, being seen pro- 
jected to irregular distances on to the cloudy stratum 


Pig. 49. 



Sun-spots, Showing peimmbral rills. {Sccchi.) 


(or um]^ra), and looking much like a piece of coarse 
thatcliing with straw, the edge of which has been left 
untrimmed.’’ After nearly twelve years of careful 
observation of the same phenomena, I do not think 
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that I could improve upon this description,’ The 
ippearance •here described will be recognised in Mi\ 
Browning s drawing (Plate I.) ; it is also observable in 
igs. 49 and 50. 

Other astronomers now joined in the discussion. 
Messrs. Stone and Dunkin, of Gi^enwich, asserted that 
ivith the fine equatorial of that observatory^ luminous 
spots shaped like rice-grains could be seen, and 
that these spots, by overlapping, produce the dark 


Fm. 50. 



Illustrating tlae markings of the penumbrse of spots. (Ca^occi.) 


pores, Fr. becchl described the appearance of the 
luminous spots as resembling strokes made -with a 
camel’s-hair pencil. He described them, in fact, in 
terms closely according -with those employed by Mr. 
Dawes. Dr. Huggins speaks of these luminous 
objects (or granules, as he calls them) as certainly not 
interlacing on the general surface of the phot9sphere. 
Fig. 51 represents a view of a portion of the Sun’s disc , 
as seen by him. It will be noticed that if this view is 
held at a considerable distance from the eye the 
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general aspect corresponds closely with the naottled 
appearance presented by the Sun in telescopes of 
moderate? power.* 

Pig. 



A portion of the solar surface, showing granules. [Muggins.) 


Other observers agree with Mr. Nasmyth, who 
adheres^, I believe, to his original opinion. As regards 

* In drawing Plate II. with the low power and small aperture 
described at p. 215, 1 was struck with the perfect distinctness of this 
mottling all over the disc. 
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the assertion that Sir William Herschel had long since 
recognised these objects, it is of course to be rejected 
or accepted according as Mr. Nasmyth’s opinion as to 
the real nature of the objects is confirmed or confuted. 
If there really is the interlacing^ he speaks of on tlie 
general surface of the Sun, then undoubtedly he is the 
discoverer of the phenomenon, for Sir William Ilcr- 
schel nowhere speaks of any such appearance (to my 
?recollection, at least). Sir John Herschel, too, deals 
with Nasmyth’s observation as undoubtedly new and 
also as of unmistakable interest and importance.* 

* Let me here quote Sir JolinHerscliel’s account of Nasmyth’s willow- 
leaf theory, partly on account of its liveliness and graphic cloarn<‘SH, 
partly for the sake of his reflections on the subject : — ‘ These loav(*s, or 
scales, are not arranged,’ he says, ‘in any order (as those of a butter- 
fly’s wings are), but lie crossing one another in all directions, like what 
af^ called spills in the game of spillikins; except at the borders of a 
spot, where they point for the most part inwards, towards th(! middle of 
the spot, presenting much the sort of appearance that the small leav(‘s 
of some water-plants or sea-weeds do at the edge of a deep lioU' of clear 
water. The exceedingly definite shape of these objects ; their exact 
similarity one to another; and the way in which they lie across and 
athwart each other (except where they form a sort of bridge across a 
spot, in which case they seem to affect a common direction, that, namely, 
of theu bridge itself) — all these characters seem quite repugnant to tlu^ 
notion of their being of a vaporous, a cloudy, ora fluid naturo. Nothing 
remains hut to consider them as separate and independent shoots, flakes, 
or scales, having some sort of solidity. And these flakes, bo thoy what 
they may, and whatever may he said about the dashing of meteoric 
stones into the Sun’s atmospliere, etc., are evidently the immediate munrs 
of the solar light and heat, by whatever mechanism or whatever proeoBSOs 
they may he enabled to develope, and as it were elaborate, theso elomonts 
from the bosom of the non-luminous fluid in which thoy ap|)(‘ar to float. 
Looked at in this point of view, we cannot refuse to regard them as 
organisms of some peculiar and amazing kind ; and though it would bo 
too daring to speak of such organization as partaking of the nature of 
life, yet we do know that vital action is competent to develope at onc(s 
heat, and light, and electricity. These wonderful objects have boon 
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Before leaving the subject of the willow-leaves, I 
must (][uote one of the latest observations bearing on 
this subje'ct. On April 13,1862, Secchi noticed that over 
the whole of a large spot and its neighbourhood, there 
were multitudes of leches, and that a bridge across the 
spot was formed of elongated leaves. The leaves in 
the neighbourhood of the spot were oval, the greater 
diameter about three times the less— thus, ‘ like 
the leaves of the olive and certain salices.’ He says,* 
‘ What- are these things ? There are veils of the most 

Fig. 52 . 



intricate structure. The spot has a third nucleus in 
which are the leaves seen in the drawing (fig. 52\ all 
arranged in a radiating manner, precisely like a crys- 
tallization of sal-ammoniac seen by means of the solar 
microscope — attached to a stalk {lingua). It is ckar 
that the rest of the nucleus is due to the rarefaction of 

Houn liy otliurs as woll as by Mr. Kasinyth, so that there is no room to 
doubt of thoir reality. To bo seen at all, however, even with thehighest 
magnifying powers our telescopes will bear when applied to the Sun, 
they can hardly be less than a thousand miles in length, and two or three 
hundrtd in breadth.' So that if these things are solar inhabitants 
whoso fiery jionstitution enables them to illuminate, warm, and electri- 
cise the whole solar system, they are not wanting in that evidence of 
might which gigantic siz(i affords. Truly, Milton's picture of him who 
on the fires of Hell * lay floating many a rood,' seems tame and common- 
place compared with Horschel's conception of these floating monsters, 
tho least covering a greater space than the British Islands. 

Q 
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such leaves. There cannot be a shadow of a doubt oi* 
this matter.^ 

On April 14^ the spot in which Secchi hadi^obsex’ve^l 
these singular objects presented the appearance 
picted in fig. 53. ^ It was in a marvellous conditioi^** 
Pig. 53. 



iSun-spot ubaerveci on April 14, 1869, by Secchi. 


says Secchi, ^full of bridges, arcs, stalks, and lea,vi't« 
like the great spot of 1866.’* 


* Memoria IIL sugli spettri ^rismatici de* cor^i cehsti. Secchi 
the following dimensions to this remarhahle group : — 


Total diameter in length 
Diameter of the two principal nuclei 
Breadth of the spot 
Breadth of the nucleus . 

Breadth of the bridge 


2 ' 

0' 

0' 

0' 

0 ' 


23^'*7B 

42"*03 

23"-70 

i"*r>o 
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The discovery by Dawes that within the umbra, or 
what was formerly called the nucleus of ^every fully- 
developed* spot, there exists a darker region, or (so far 
as telescopic research has yet gone) a true nucleus, not 
only opens a new field for speculation, but renders the 
interpretation of the phenomena before recognised 
altogether more difficult. By using a solar eye-piece 
of his own invention, in which the field of view was so 
contracted as to exclude even the light from tho 
penumbrae of large spots, he detected in the stratum 
which had before been regarded as black, ' a mottled 
appearance — the degree of darkness being by no means 
uniform, and suggesting the idea tliat the surface is far 
from level, the lighter i)arts being probably the most 
elevated, and feebly reflecting the light received from 
the self-luminous strata above it. . . In all spots whicfi 
are tolerably symmetrical, and large enough to admit 
of accurate scrutiny, this tmihra will be found to be 
])erforated near its centre by a perfectly black hole, 
which is to be regarded as tho true nucleus.’ 

From the researches of Fr. Secchi it would ^aj)- 
pear as though the umbral portion of large spots were 
formed of luminous matter which is undergoing a 
continual process of dissipation towards its interior 
edge. He compares the process to the gradual dissi- 
pation of cumulus clouds under the heat of a summer 
Sun, and regards the umbra as of the nature of a veil 
of clouds ; the nucleus as a region where an intenser 
heat has caused these clouds to melt away. Within 
spots such as these he has recognised the presence of 

Q 2 
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coloured matter^ whiclx lie compares to the coloured 
envelope wlience the prominences spring ; and it was 
partly on account of his having noted such appearances 
that lie pronounced, so far back as 1860, his conviction 
that an envelope of this coloured matter — the chromo- 
'sphere of the next chapter — surrounds the whole globe 
of the Sun. These appearances have been noticed also 
by other observers. Mr. Lockyer has recognised the 
gradual disappearance of portions of luminous matter 
(as if by subsidence in some semi-transparent medium) 
in the umbrae of large spots ; while the presence of 
various tints of red within the spots has been noticed 
also by Schwabe, Capocci, Schmidt, and other ob- 
servers. 

The processes of formation, enlargement, and dis- 
appearance of spots are well worthy of study; and 
although no regular law has been detected in their 
succession, we can yet recognise certain distinctive 
features ordinarily belonging to each stage of develop- 
ment. The formation of a spot is usually preceded by 
the ^appearance of faculm. Then a dark point makes 
its appearance which increases in size, the penumbral 
fringe being presently recognised around it, and the 
distinction between the umbra and the penumbra being 
well defined. The same clearness of definition con- 
tinues ordinarily until and after the spot has reached 
its greatest development. But when the spot^is about 
to diminish, there is a change in this respect. The 
edges seem less sharp, and an appearance is presented 
as though there floated over them a luminous cloud- 
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veil, brighter in some places than in others, and not 
unfrequently attaining a brightness which seems to 
exceed even that of the faculjp. At certain parts of the 
spot’s circumference, this bright matter projects, 
hiding the whole widjji of the penumbra and forming 
a sort of cape or promontory, with sharply serrated 
edges, singularly well defined against the dark back- 
ground of the umbra. It is usually in this manner 
that the formation of a bridge begins, two promontories 
on opposite sides of a spot, or even on the same side, 
joining their extremities, so as to form eitlier a bridge 
of light across the umbra, or a curved streak having 
both its extremities on one side of the si)ot. But 
indeed no strict law or sequence has yet been assigned 
to these processes of change. In a large sjxyt the 
wildest and most fantastic variations will take place, 
and often when the spot seems approaching tlic stage 
of disappearance, it will seem to renew its existence, as 
though fresh forces were at work in disturbing the 
region it belongs to. 

Some of the processes of change which take place in 
large spots arc very well exemplified in fig. 54, where 
the drawings 1 to 4 show the successive changes of 
appearance presented by the great spot of 1865, from 
October 7, when it was on the Sun’s eastern limb, 
until October 16, when it had passed the central part 
of the disc. These drawings were made by the Eev. Mr. 
Howlett, one of our most enthusiastic solar observers, 
and specially skilled in the delineation of Sun spots. 
Were not his accuracy beyond all question, it would be 



The great Sun-spot of 1865, from Oct. 7 to Oct. 16. {HowUtt) 

worth while to denote the fact that on October 16 
Chacornac made a drawing of the same spot, corre- 
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spending so closely with 4, fig. 54, that one might well 
suppose the two drawings were tracirtgs from one 
picture.*^' The reader will he prepared to examine with 
so much the greater confidence the interesting picture 


• 3?ia. 5/5. 



Tacula near a Sun-Hpot. (C/iacormo.) 

I 


of a spot with the surroundmg faoiiloo (fig. 55) ^ drawn 
by M. Chacornac. He will recognise also the close 
■espondence between tlie appearance of the region 


corr 


^ Uaforbiuiatoly H\ich extronio accuracy of delineation is not ordi- 
narily to be mot with among solar obsorvors. 

* a d 
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around this spot and Sir William Herscliel s dosci ip- 

tion of the fsC^ulie (p. 180). 

We owe to Mr. Dawes the detection iireoitain 
spots of a rotatory motion, as though these regions 
were the scene of some tremendous solar tornado. A 
spot of enormous dimensions was observed l)y him to 
have rotated through half a complete circuit in tlu‘ 


Fig. 56. 



A spot presenting tlie appearance of cyclonic motion. {Sfcc/iL) 

course of about six days. Other spots have exliih! ted 
an even more rapid motion, and the spcctrosc(>pi(» 
observations made by Mr. Lockycr on parts of tluj 
Sun near the limb (where such cyclonic motions would 
necessarily Involve a rapid motion towards an^l from 
the eye) seem to place beyond question the cx!stcm(‘t‘ 
of solar tornadoes having a velocity of 40 or 50, in 
some cases even 120 miles per second. So that \V(‘ 
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need no longer regard (with Sporer) the whirling 
appearance noticed in the accompanying ^dra^ving by 
Fr. Secchi (fig. 56) as due to optical illusion. 

The immense dimensions of some spots well deserve 
thoughtful consideration. When Ave remember that 
the least spot which could be perceived wdth the most 
powerful telescope must have an area of at least 
50/)()() miles, it will be understood hoAv enormous 
these spots must be which have been distinctly visible 
to the unaided eye.* But we have trustworthy 
measurements to refer to in this matter. Pastorff, in 
1828, measured a spot Avhose umbra had an extent 
four times greater than the Earth’s surface. In August 
1859, a spot was measured by Ne wall which had a 
diameter of 58,000 miles — that is, exceeding more than 
seven times the diameter of our Earth. But spots of 
oven greater dimensions have been observed. In June 
1843, a spot was visible, which, according to SchAvabe’s 
measurements, had a length of no less than 74,816 
miles. On March 15, 1858, observers of the great 
eclipse had the good fortune to Avitness the passage of 
the Moon over a spot which had a breadth of 107,520 
miles. It was in the same year that the largest spot 
of any avIiosc records have been handed down to us, 
was visible upon the solar disc. It had a breadth of 
more than 143,600 miles ; so that across it no less 
than eighteen globes as large as our Earth might 
have been placed side by side. At a very moderate 

^ Of tlio groups shown in Plato II. throe wore visible to the naked 
(70, tlio largest of thoni (near tho centre) being quite conspicuous.' 



computation of the depth of this solar cavity, it may 
loe assumecf that the mass of 100 earths such as 
ours would barely have sufficed to fill it to the level 
of the solar photosphere. 

During the past two years nmny spots and groups 
of enormous extent have been noticed. Those shown 
ill Plate II. may be cited as instances; but others 
fully as large have lately been observed. 

• The rapidity with which some spots have changed 
in figure, or even wholly disappeared, would be wholly 
incredible were it not that astronomers of the highest 
repute for accuracy have supplied the records of such 
changes. Dr. Wollaston says: — ^ I once saw with a 
12"inch reflector a spot which burst in pieces as I 
was looking at it. I could not expect such an event, 
and therefore cannot be certain of the exact particu- 
lars ; but the appearance, as it struck me at the time, 
was like that of a piece of ic^ when dashed on a frozen 
pond, which breaks in pieces and slides oh the surface 
in various directions.’* Biela also notes that spots 
disappear sometimes almost in a single moment. The 
converse of such a change has been witnessed by 
Krone, who observed a spot of no inconsiderable 
dimensions which sprang into existence in less than a 
minute of time. On one occasion a momentary dis- 
traction caused Sir William Herschel to turn away his 

* Of course this description refers only to the appoafance which 
the spots ordinarily present, of being real bodies rather than openings. 
What Wollaston has described as the breaking up of a spot into 
pieces, must in reality be looked upon in all probability as the 
sudden change of a single whirlstorm into a number of smaller ones. 
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eyes from a group of spots he was observing. When 
he looked again the group had vanished ! ^ 

In this place I shall not enter into the discussion of 
the nature of the spots — a matter, indeed, on which at 
present it is very difficult to form an opinion. It has 
been my purpose in this chapter to consider rather the 
evidence which has been adduced respecting the solar 
surface than the physical theories put forward in 
explanation of that evidence. 

Two points remain, however, to be briefly touched 
upon. 

The first is the evidence supplied by the spectro- 
scope respecting the spots. It is evident that by 
bringing a spot under the slit of the spectroscope in 
the way described at the close of the preceding 
chapter (see fig. 35) it becomes possible to institute 
a direct comparison between the spectrum of the 
umbra, penumbra, and . surrounding faculae. If any 
lines belonging to the ordinary solar spectrum dis- 
appear in these regions, or if new lines make their 
appearance, we can at once become cognisant of the 
fact, because we see the spectra of these regions 
simultaneously. In like manner we can determine 
whether any change takes place in the character and 
appearance of any solar line — for instance, whether it is 
wider or narrower in the spectra of certain regions, or 
whether it changes into a bright line. Now, fig. 57 
will illustrate the peculiarities which make their ap- 
pearance when a spot is brought in this way under 
examination. Here the length of the spectrum (only 



a small portion of wHch is shown in the figure), is 
horizontal, so that the vertical lines are the dark lines 
of the spectrum. The horizontal lines indicate the 
regions of the spectrum corresponding to those parts 
of a spot where a general absorption takes place. It 
will be seen that where this general absorption is suffi- 
cient only to produce a degradation of brilliancy, all 
the lines in this part of the spectrum are visible. The 

'Fig. 57 . 



Illustrating the changes in certain lines in the spectra of Sun-spots. 


F line (belonging to hydrogen) is, however, peculiarly , 
affected across the whole region of the spot. At the 
upper and lower extremity we see it of its normal 
width, while over all the remaining breadth of the 
spectrum, except two small portions, it is much broader 
and has shaded edges. In one place it is bent^ along 
another part of its length a narrow line of light is seen 
to he almost centrally placed upon it; and lastly in 
two places it appears bright and irregularly shaped. 
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Now, the facts here noticed (first observed I believe 
by Mr. Lockyer, and confirmed by Dr. Huggins, Pr. 
Secchi, and Professor Young) are thus (probably) to 
be interpreted. Beginning with the top of the line r 
in fig. 57, we have first the normal black line show- 
ing that in the part of the Sun included within the 
uppermost part of the slit, the hydrogen is in its 
ordinary condition as respects temperature. It is less 
heated than the matter whence the main portion of t\w 
solar light is radiated, and so absorbs that portion of 
the light which it has itself the power of radiating. 
Next we come to a bright hydrogen line of the normal 
width on a shaded background. The corresponding 
part of the Sun (that is the part* next below the former 
within the slit) is, then, either somewhat reduced in 
temperature, or else partially covered by generally ab- 
sorbing matter, over which there is a layer of hydrogen 
at the normal pressure, but more heated than the radiat- 
ing region below. Hence in this place the hydrogen 
radiates more light than it absorbs, and tlie line F is 
rendered relatively bright. Next is a region where 
the hydrogen line is still bright but very much wider. 
Over the corresponding portion of the Sun, therefore, 
the hydrogen not only exists at a higher temperature 
but at a greater pressure. Then we come to the 
widened dark line, indicating that over the corre- 
sponding portion of the Sun there is hydrogen at a 
relatively low temperature and at an abnormally high 
pressure. The bend towards the red end of the spec- 
trum indicates that the corresponding portion of the 
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hydrogen envelope is moving from the eye,* or, in other 
words, that there is in this part of the Siin a downriish 
of hydrogen. Where we see a relatively bright line 
superposed on the relatively dark one, we learn that 
above the compressed hydrogen at a relatively low 
temperature there is a layer (or tongue, or prominence ) 
of more heated hydrogen. While, lastly, where wo 
see the pointed dark line close to the bottom of the 
i^gure, we learn that above hydrogen as heated as the 
general radiating substance of the Sun, there is tlu^ 
usual layer of hydrogen at lower temperature, very 
shallow where the line is pointed, but deepening 
within a short distance to its normal condition. 

Along a narrow strip, then, crossing the width of a 
solar spot, all these varieties of condition arc thus 
recognisable. Nor is hydrogen the only element whoso 
lines exhibit such peculiarities. The lines of sodium, 
magnesium, barium, and other elements, have been 
observed to exhibit similar indications of violent action, 
rapid motion, and remarkable changes of pressure. lJut 
perhaps the most striking of all the phenomena revealed 
by t&e spectroscope is the occurrence, in the spectra of 
large spots, of lines and bands corresponding to those 
due to the presence of aqueous vapour in our own 
atmosphere. Fr. Secchi not only testifies to this, but 

* The vertical dotted lines 1, 2, 3, on either side of f indicate how far 
the line f should be shifted to indicate a velocity of 8, 1(5, aiKl 24 geo- 
graphical miles respectively from or towards the eye. Tho decimal figures 
between the vertical lines numbered 1, 1, indicate tho length of the light- 
waves (in parts of a millimetre), corresponding to the part of the spectrum 
where the line f is. 
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lie describes experiments by which he convinced 
himself that these lines really belong to thfe spots, and 
not to our own atmosphere. He found that these 
^ water-lines ’ were not visible when the instrument 
was directed in clear weather to unspotted parts of the 
solar disc ; but that as the instrument was shifted, the 
approach of a spot was clearly indicated by the appear- 
ance and gradually intensifying of these lines. When 
the sky was covered with thin clouds he saw the samo 
lines towards whatever part of the Sun the instrument 
was directed ; but they always appeared strongest in 
the spectrum of a spot.* 

The second point which I wish to notice, in conclu- 
sion, is the evidence of the polariscope respecting the 
general condition of the solar photosphere. I do not 
feel justified in giving space to an account of tlie 
principles on which polariscopic analysis depends, be- 
cause, to say the truth, the polariscope has thrown but 
little light on the subject of solar physics. I therefore 
merely state that light under certain conditions of 
emission, reflection, and refraction, acquires a peculiar 
property called polaidsation, by which its capability 
for subsequent reflection or refraction is materially 
modified. We have here to deal with emission; and 
the special law which concerns us is this, that light 
emitted from an incandescent solid or liquid at a 

■* The 33«ader is referred for fuller details than there i^t here space for, 
to Dr. Schcllon’s work Tie S^octfalamlpBe, already referred to. The 
English edition now prepjiring for pxiblication, undor the able super- 
vision of Dr. Huggins, will be specially wortliy of very careful 
study in all matters relating to the spectral analysis of the Sun. 
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very oblique angle is partially polarised in such Sort 
that when iifcident on a plane at right angles with tlu* 
angle of emanation^ the polarised portion does not, lik(‘ 
the rest, undergo reflection. Now, the light from near 
the edge of the Sun’s disc shows no signs of having this 
particular quality. Hence Arago and others hav(‘ 
concluded that the solar photosphere cannot be formed of’ 
incandescent solid or liquid substance, but must neces- 
sarily be gaseous. We shall have occasion further on 
to consider the bearing of this evidence on the views 
we are to form respecting the Sun’s physical constitu- 
tion. It is necessary to note, however, that Sir John 
Herschel has called in question Arago’s conclusion ; 
and, without asserting that the solar photosphere must- 
necessarily be either solid or liquid, he has shown that 
tlae evidence of the polariscope is more than question- 
able, since the Sun can by no means be regarded as a 
smooth uniform globe. Its surface is in all probability 
so rough and uneven that the light received from near 
the edge may come for the most part from surfaces 
nearly at right angles to the visual line.* 

Here I conclude my survey of the solar surface. I 
have presented but such portions of the vast mass ol‘ 
material really available as seemed most instructive 

* The case may be compared with that of the Moon. If the Moon 
were a smooth uniform globe, she ought, when full, to seem much 
darker near the edge than near the centre of her disc. Thai; she doew 
not is due to the inequalities of her surface; and Dr. Zollner has been 
able to show from the observed luminosity nf the Moon at different 
times that the probable average inclination of the lunar mountains is 
about 56 degrees. 
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and to bear most pertinently on the views we are to 
form respecting the Sun’s physical condition. Ten 
or twelve’ such volumes as^ the present would be 
needed to contain even an abstract of the observations 
'“^which have been made on the great central luminary 
of our system. To the student of. solar physics I 
cannot too earnestly recommend the careful study of 
all such observations as he can obtain access to ; but 
it has been necessary for my present purpose to give a' 
more general view of the subject. This chapter must 
be regarded as bearing the same relation to the 
ponderous volumes in which our Carringtons and 
Herschelsj our Schwabes and Spdrers and Secchis, 
have recorded their observations, as Plate II. bears to 
Plate I., or, generally, to such large-scale and elabo; 
rate views as are afforded by powerful telescopes. "We 
must now pass on to other matters well worthy of atten- 
tion— to matters that are perhaps even more interest- 
ing and instructive than the facts which astronomers 
have discovered in their survey of the solar surface. 



CHAPTER V. 


THE JPEOMMEFCES AND THE CHBOMOSPHEHE. 

The coloured prominences which have recently 
attracted so large a share of the attention of solar 
physicists were first fully recognised during th^ total 
solar eclipse of 1842. It is probable, however, that 
they were seen more than a century before that date, 
though their real nature was not suspected. During 
the total solar eclipse of May 2, 1733, Vassenius, at 
Gottenburg, observed several red clouds floating, as he 
supposed, in the atmosphere. One of them seemed 
larger than the rest, and appeared to be composed 
of jthree masses placed one above the other, and com- 
pletely detached from the Moon’s limb. ^ These 
spots seemed,’ he writes, ^ composed in each instance of 
three smaller parts or cloudy patches of unequal length, 
having a certain degree of obliquity to the Moon’s 
periphery. Having directed the attention of my com- 
panion, who had the eyes of a lynx, to the phenomenon, 
I drew a sketch of its aspect. But while he, not 
being accustomed to the use of the telescope, was 
unable to find the Moon, I again, with great delight, 
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perceived the same spot, or if you choose, rather the 
invariable cloud occupying its former situation in the 
atmosphere near the Moon’s j)eriphery.’ We need not 
be surprised that Vassenius assigns the spots without 
' scruple to the Moon’s atmosphere, since it was thought 
by many in his time that the Moon has an atmosphere 
of appreciable extent. Yet it was unfortunate for 
science that the prominences (for we can scarcely doubt 
that the appearances seen by Yassenius were really* 
prominences) should have been thus explained away 
as relatively unimportant phenomena, since otherwise 
observers during succeeding eclipses would probably 
have searched for similar objects, and we might thus 
have possessed a long series of observations tending to 
indicate the laws according to which these objects 
make their appearance. * 

For more than a century eclipse passed after eclipse, 
and no observer recognised these flames of coloured 
light, which have seemed to the observer’s of recent 
eclipses so striking and obvious. Ferrer, indeed, in 
1806, and Van Swinden, in 1820, noticed faint traeps of 
some peculiar coloured appendages ; but their observa- 
tions were not satisfactory, nor was any attention 
drawn to the subject. 

During the great eclipse of 1842, however, a number 
of first-rate observers were distributed along the lino 
of total ^obscuration. Airy, Arago, and the younger 
Struve; Littrow, Daily, Santini, Valz, and Biela, — a 
host, in fine, of the most skilful astronomers in Europe — 
watched the eclipse with careful scrutiny. All of them 
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recognised with surprise the presence of rose-coloured 
prominences ^round the disc of the eclipsed Sun. 

The Astronomer-Eoyal saw three prominences at 
the summit of the disc ; ^Arago, Struve, and Schid- ^ 
lowski saw two near the lowest point of the disc. ; 
Schumacher, of Vienna, saw three— two below, and 
one above. 

It will be instructive to eonsider the account given 
by the first observers of these interesting objects. 

The Astronomer-Eoyal compared them to the in- 
clined teeth in a circular saw, and estimated their 
height at about one minute of arc. 

Schumacher compared the protuberances to ice- 
bergs, and the pictures which illustrate his paper 
represent them as much more closely resembling ice- 
bergs than any protuberances seen in recent times. 
VT e may not unfairly conclude that Schumacher s 
drawings are somewhat idealised. 

Baily compared the prominences to Alpine peaks 
coloured by a setting Sun. Hq noticed that one was 
bifurcated almost to its base. M. Mauvais employs a 
similiar comparison. He had seen a reddish point soon 
after the Sun was totally obscured. ‘ When fifty-six 
seconds had passed after the commencement of totality,’ 
he writes, ‘ this reddish point transformed itself into 
two protuberances, resembling two adjacent mountains, 
and well defined. Their colour was not .uniform, 
streaks of a deeper red marking their flanks. I can- 
not describe them better than by comparing them to 
distant Alpine peaks, illuminated by the rays of the 
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setting Sun. One minute and ten seconds from the 
time of total obscuration a third mountain became 
visible to the left of the other two. In colour it re- 
sembled the others. Beside it were some smaller 
peaks, all of them well defined.’ 

Mauvais noticed that the other two protuberances 
grew higher while the third M^as making its appearance. 
Near the end of the eclipse they were no less than two 
minutes of arc in height. * 

Biela, Schumacher, and others recognised a border 
of rose-coloured light surrounding a part of the Moon’s 
limb at a lower level than that attained by the pro- 
minences. It is worthy of note that this pheno- 
menon had been noticed earlier than the prominences 
themselves; for during the total eclipse of 1706, 
Captain Stannyan remarked that a blood-colourecl 
streak of light appeared, before the Sun’s limb emerged 
from behind the Moon. In 1715, also, Halley noticed 
that two or three seconds before the emei’sion, the 
Moon’s limb appeared to be tinged with a dusky but 
strong red light, forming a long and narrow streak ; ^and 
during the same eclipse, Louvillc saw what he describes 
as an arc of deep red colour along the edge of the 
Moon’s disc. The latter astronomer was careful to 
assure himself that the appearance was no illusion, and 
to this end he brought the rod arc into the middle of 
the telescopic field of view, when he found that the 
red colour remained unchanged. Don Ulloa, in 1778, 
and Ferrer, in 1806, had noticed a similar pheno- 
menon. 
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When the various accounts of the eclipse of 
came before the asti'onomical world, several the(>ari<^‘B 

f 

were propounded in explanation of the red prominencoH- 
The theory that they are mountains in the Sun 
for a while in favour; but Arago pointed out 
some of them were too considerably inclined to 
perpendicular to be so regarded. Others supposo^l 
them to be clouds in the solar atmosphere ; while otlioi'H 
%gain suspected them to be enormous flames. ^ 

ordinarily happens in such cases, there were not 
ing those who denied that the coloured prominexioor^ 
had any real existence whatever. M. Faye, for o X — 
ample, asserted his belief that they are purely optioii^I 
illusions — ^ mirages, perhaps, produced near the Mooxi^^ 
surface.’ 

The eclipse of 1851 removed these doubts for 
most part, though it is to be noted in passing tlxjvt* 
despite the evidence obtained then, and yet again i * ^ 
1860, there were some who continued, even until 
great Indian eclipse of 1868, to deny that the colou.x'e< 1 
proyiinences and the rose-tinted arcs seen at a low ox* 
level could really be regarded as solar appendages. 

During the total eclipse of 1851 many observers of 
great skill made drawings of the very remarkable px-o- 
minences which were visible on that occasion. Tlxeso 
pictures exhibited a sufficiently satisfactory agreenniont 
to convince the observers that they had all witnesseil 
the same phenomena ; though the discrepancies betwocoi 
the pictures afford instructive evidence of the difficxxlty 
of delineating with exactness the details presented 
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during eclipses. The following six pictures represent 
in order the work of the Astronomer-JR-oyak Mr. 
Dawes, Mr. Hind, Mr. Lassell, Mr. Gray, and Mr. 
Stephenson. Mr. Airy thhs writes respecting the 
prominences : — 

^ The form of the prominences was most remarkable. 
That which I have marked a (fig. 58) reminded me of 


Fio. 58. 


I'm. 60. 


Pig. 63. 


Tho colourod prominoncos soon during tho oclipso of 1851. 


a boomerang. Its colour for at least two-thirds of its 
breadth — from the convexity towards the concavity — 
was full lake-red ^ the remainder was nearly white. 
The most brilliant part of it was the swell farthest from 
the Moon’s limb ; this was distinctly seen by myself 
and my^friends with the naked eye. I did not measure 
its height; but judging generally by its proportion to 
the Moon’s diameter, it must have been three minutes 
of arc. This estimation perhaps belongs to a later 
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penod of the eclipse. The prominence h was a pale 
white semMe based on the Moon’s limb. That 
marked c was a red detached cloud or balloon of nearly 
ciTCular form, separated f/om the Moon’s limb by a space 
differing in no way from the rest of the corona of nearly 
Its own breadth. That marke^d d was a small tri- 
angular, or conical, red mountain, perhaps a little white 
m the interior. These were the appearances seen 
.instantly after the formation of the totality. I em- 
ployed myself in an attempt to delineate rouo-hly the 
apearances on the western limb, and I took“a hasty 
view of the country; I then remarked the Moon a 
second time. I believe (but I did not carefully re- 
mark) that the prominences a 5 c had increased in 
height ; but d had now disappeared, and a new one, e, 
ad risen up. It was impossible to see this change 
TOthout feeling the conviction that the prominences 
belonged to the Sun, and not to the Moon. I again 
00 e round, when I saw a scene of unexpected 
beauty I went to my telescope with a hope that I 
might be able to- make the polarization observations, 
Wien I saw that the sierra, or rugged line of projec- 
10ns s own at /, had arisen. The sierra was more 
brilliant than the other prominences, and its colour 
was nearly scarlet. The other prominences had per- 
haps increased in height, but no additional new ones 
had arisen. The appearance of the sierra nearly in 
m place where I had expected the appeamnce of 
the Sun warned me not now to attempt any other 
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physical observations. In a short time the white Sun 
burst forth^ and the corona and every* prominence 
vanished.’* 

Mr. Hind’s narrative is as follows: — ^ On first view- 
ing the Sun without the dark glass after the com- 
mencement of totality^ three rose-coloured prominences 
Immediately caught my eye, and othei'S wore seen a 
few seconds later. The largest and most remark- 
able of them {a in Mr. Airy’s drawing) was straight 
through two-thirds of its length, but curved like a 
sabre near the extremity, the concave edge being 
towards the horizon. The edges were of a full rose- 
colour, the central parts paler, though still pink. 
Twenty seconds, or thereabouts, after the disappearance 
of the Sun, I estimated its length at forty-five seconds 
of arc, and on attentively watching it towards the end 
of totality I saw it materially lengthened — probably 
to two minutes — the Moon having apparently left more 
and more of it visible as she •travelled across the Sun. 
It was always curved, and I did not remark any change 
of form, nor the slightest motion during the time the 
Sun was hidden. I saw this extraordinary prominence 
f(mr seconds after the end of totality^ but at this time 
it appeared detached from the Sun’s limb, the strong 
white light of the corona intervening between thq limb 
and the base of the prominence. About ten degrees 
south of the above object I saw during the totality a 
detached triangular spot of the same rose-colour, sus- 
pended, as it were, in the light of the corona, which 


250 


TEE SUN. 


gradually receded from the Moon’s dark llmb^ as she 
moved onv^rds, and was therefore clearly connected 
with the Sun. Its form and position with respect to 
the large prominence continued exactly the same so 
long as I observed it. On the south limb of the Moon 
appeared a long range of rose-coloured flames^ whicdi 
seemed to be aifected with a tremulous motion, 
though not to any great extent. The bright rose-red 
•of the tops of these projections gradually faded towards 
their bases, and along the Moon’s limb appeared a 
bright narrow line of a deep violet tint ; not far from 
the western extremity of this long range of red flames 
was an isolated prominence, about forty seconds in 
altitude, and another of similar size and form at an 
angle of 145° from the north towards the east.’ 

I may add Mr. Dawes’ account of the great promi- 
nence marked a in Mr. Airy’s picture (fig. 58). ^ A red 
protuberance of vivid brightness and very deep tint, 
arose to a height perhaps 1 J when first seen, and in- 
creased in length to 2' or more, as the Moon’s pro- 
gress revealed it more completely. In shape it some- 
what resembled a Turkish scimitar, the northern edge 
being convex, and the southern concave. Towards 
the apex it bent suddenly to the south, — oi' upwards, as 
seen in the telescope. Its northern edge was well 
defined, and of a deeper colour than the rest, especially 
towards its base. I should call it a rich carmine. 
The southern- edge was less distinctly defined, and 
decidedly paler. It gave me the impression of a 
somewhat conical protuberance, partly hidden on its 
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southern side by some intervening substance of a soft 
or flocculent character. The apex of this i^otuberance 
was paler bhan the base, and of a purplish tinge, and 
it certainly had a flickering motion. Its base was, from 
first to last, sharply bounded by the edge of the Moon. 
To my great astonishment, this marvellous object con- 
tinued visible for about five seconds, as nearly as I 
could judge, after the Sun began to reappear, which 
took place many degrees to the south of the situation, 
it occupied on the Moon’s circumference. It then 
rapidly faded away, but it did not vanish instantaneously. 
Trom its extraordinary size, curious form, deep colour, 
and vivid brightness, this protuberance absorbed 
much of my attention; and I am therefore unable 
to state precisely what changes occurred in the other 
phenomena towards the end of the total obscurai 
tion,’ * 

Such arc a few of the records of the appearance 
presented by the prominences during the eclipse of 
1851. It would have been easy to have filled forty or 


* TI10 evidence of Mr. Dawes is very valuable, on account of his 
exceptional powers of vision. Probably he has never been surpassed in 
this respe^ct. It may therefore be regarded as fortunate that he ad- 
dressed his solo attention to one prominence ; since some of the facts he 
dotoott^d are such as no later observations could have more satisfactorily 
established. Such, for instance, is his observation of the flickering 
motion of the upper part of the prominence. He was too well accus- 
tomed to recognise the apparent motions produced by our own atmo- 
apliero to bo deceived into inferring real motion where none existed. 
His observation of tho visibility of the prominence for several seconds 
after the Sun’s reappearance confirms Mr, Hind’s, and the fact is one of 
extreme importance, as tending to afford a measure of the luminosity 
of tho larger prominences. 
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fifty pages witli the narratives of the different ohscr- 
verSj many ‘of them skilful and well-practised astrono- 
mers. All agreed as to the principal details, and, as 
will he seen by figs. 58-63, there was a very satis- 
factory agreement in the pictures taken hy different 
observers. It would appear that no doubt could any 
longer remain that the prominences were solar appen- 
dages of some sort. They had been, visibly traversed 
jDy the Moon, according to the unexceptionable evidence 
of such astronomers as Airy, Hind, Dawes, and others. 
They had continued visible when our atmosphere had 
already begun to be lighted up by the direct rays of 
the returning Sun. At stations far apart they had 
presented the same appearance. It would seem there- 
fore that nothing was wanting to establish their real 
relation to the solar orb, and that no question should 
any longer have existed as to the fact that the promi- 
nences are true solar appendages, since the proofs wore 
so complete that they belonged neither to the Moon 
nor to our own atmosphere, and, further, that they were 
not mere optical illusions. 

^et, in the face of all this evidence, some astronomers 
were still found who maintained that the observations 
were msufiicient to establish the existence of coloured 
objects so enormous as these must be if they really 
were solar appendages. It has always happened that 
in the ranks of the scientific army some have been 
found who refuse to credit the marvels which obser- 
vation is continually revealing on every hand. Des- 
pite aU the known wonders of the universe, the mere 


TUB BROMINBNCBS AND CHBOMOSPSERE. 253 

circumstance that the sole available interpretation of 
observed facts involves some surprising conclusion is 
held by such men to be a sufficient reason for rejecting 
the observations of the most trustworthy astronomers* 
So it was in this mstance. Por nine long years 
astronomy was compelled to wait before she could be 
allowed to take possession of her well-won new territory 
The amazing fact had been proved beyond all possi- 
bility of reasonable question that the great globe of" 


* Ono IH almost ready to despair of the cause of scientific proaress- 
to despair at least that that progress will ever he so rapid as it mieht 
readily hocomc-whon one finds that each new result must be esteh 
lished over imd over again before it is admitted by a large proportion 
of the scientihe world. It may ho remarked, indeed, that the progress 
of acionco has ht'on at least as seriously checked by undue caution as bv 
tmduo boldness. It would seem almost as though some students of 
Bcience wore continually in dread lest the work of our obserrers 
Bhould become too productive. The value of scientific observation 
seems to be enhanced in their oyes precisely in proportion as its fruits 
aro insignificant. In all ages there have been those who would thus 
unwisely restrain the progress of legitimate inquiry. ‘We must not 
admit that Jupiter has moons,’ they said of old; ‘the Evil One may 
liavo sent tlusso appearances to deceive us. Let us wait for further 
observation.’ ‘ The Biui cannot have spots,’ they reasoned again, ‘ for 
the Eyo of tho Univorso cannot snffor from ophthalmia. These things are 
illusions ; let us wait Ibr more satisfactory observations.’ ‘ The*idea 
that tho Sun-spots wax and wane in a definite period is too fanciful 
for acceptance*; and still more absurd is the conception that terres- 
trial magnetism can have any relations whatever with the progress of 
solar disturbance. We must wait for fresh researches.’ ‘Who can 
Lolievo that flumes, or clouds, or mountains, many times exceeding the 
Earth in magnitude, exist upon or close by the Sun ? These things must 
needs bo illusions ; at any rate, frosli observations are required before 
such marv^ils can ho admitted.’ And as this has happened with facts 
now accepted, so it is happening, and so (it is feared) it will always 
happen, as respects many other facts which have been in truth 
demonstrated, but the demonstration of which does not chance to lie 
exactly on tho surface. 
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the Sua is surrounded By a deep layer of coloured 
matter, wlSle from portions of this Yust envelope 
enormous protuberances start out, their height so vast 
that ten globes such as our Earth might be piled one 
upon the other on the Sun’s surhice without attaining 
to the summit of the highest prominences. But this 
great fact was not to take its place in our treatises of 
astronomy until, although twice proved already, it had 
•been proved once again at least. 

Accordinglyj in 1860, when a total eclipse was to he 
visible in Spain, preparations were made for finally 
resolving the problem of the prominences. A host of 
skilful observers devoted their powers to demonstrating 
what had already been abundantly demonstrated. It 
happened fortunately, however, that amongst the 
astronomers who took part in observing this important 
eclipse, there were some few who duly recognised the 
importance of the occasion, and who therefore, leaving 
fruitless labours to others, applied themselves to solv- 
ing important q^uestions respecting the coloured promi- 
nences. Their results I now propose to describe ; but, 
in the first place, I will quote the account which Gold- 
schmidt, one of the most skilful telescopists of modern 
times, gave of the prominences visible on this occasion. 
Some of the facts recorded by him are of extreme 
interest and importance, especially as respects the 
colour of the prominences, since M. Goldschmidt’s 
practice as a painter gave him exceptional experience 
in this respect. 

M. Goldschmidt employed a telescope of four inches 
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in aperture, magnifying about forty times. About 
half a minute before totality he could distiifguish ^ little 
grey clouds, isolated in part, and floating outside the 
solar disc at some distance from the edges. One of 
these isolated clouds of a rounded form, and another of 
an elongated form winch touched the exterior edge of 
the Sun, were observed to be of a grey colour on the 
ground of the sky, which was a little brighter. An 
instant afterwards the pyramidical cloud became inorot 
clear, and then rose-coloured.’ Iiad thus been 
present,’ adds Goldschmidt, ^ at the formation of a 
protuberance’ — a remark which has l)con somewhat 
misunderstood through being quoted apart from the 
context. Clearly, Goldschmidt did not mean that 
under his eyes a prominence had started into existence ; 
but that he had been able to recognise the gradual 
process by which the prominence became visible with 
the diminishing sunlight. ^ Several smaller promi- 
nences,’ he proceeds, ‘ were seen in the neighbourhood 
of this one, resembling globules of mother-of-pearl, but 

of an irre 2 :ular form. These likewise hecame of a rose 
^ . * 
colour immediately afterwards, but quickly disappeared. 

The most imposing as well as complicated of the pro- 
minences — which I will call the chandelier (fig. 64) was 
grand beyond description. It rose up from the limb, 
appearing like slender tongues of fire, and of a rose 
colour ; its edges were purple and transparent, allowing 
the interior of the prominence to bo seen ; in fact, I 
could see distinctly that this prominence was hollow. 
Shortly before the end of the totality, I saw escape from 
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the extremities of these rose-coloured and transparent 
sheaves of Ifght^ a slight display in the shape of a fan, 
which gave to the protuberance a real resemblance to a 
chandelier. Its base^ which at the commencement of 
the totality was noticed very decidedly on the black 
limb of the Moon, became sligfitly less attached, and 
the whole took an appearance more ethereal and 
vapourish ; however, I did not lose sight of it for an 
instant. The jets of hght which came from the ex- 
tremities disappeared with the appearance of the first 
rays of the Sun; but it was not so with the pro- 


PiG. 64. 



tuberance itself, for, an instant before the end of the 
totality, I saw several small prominences appear lying 
close to each other on the right of its base, and form- 
ing a square, which is the character of toothed promi- 
nences ; two others of the same height were seen on 
the left side of its base when the Sun had already 
appeared. The north horn of the solar crescent 
touched the last of these prominences /owr minutes and 
forty seconds after the reappearance of the Sun. The 
intense light caused me to aband(@. this interesting 
observation, for I was not at the time using a coloured 
glass ; however, I am certain that the ‘ chandelier ’ and 
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the little prominences at its base had not disappeared up 
to that moment. Although I am convinced ?hat the pro- 
tuberances belong to the Sun, nevertheless I ought to re- 
mark that at the last moment I was surprised to see the 

direction of the chandelier referred to the centre of the 
9 

Moon rather than to the centre of the Sun ’ (in other 
words, the chandelier was somewhat inclined). ^ The 
height of the prominence was estimated about three 
minutes and a half at the commencement of tlie totality,® 
and four minutes at the end. A second protuberance 


Pig. 65 . 


o 



(fig. 65) appeared on the apparent right of this, 
at a distance of about thirtj^-five degrees, being 
about 3^ minutes in height and nearly of the fQnn 
of the symbol of the planet Saturn ( b ) 5 this pro- 
minence I have called the hooL A third, to the 
right of the two preceding and at a distance equal to 
that of the two others, assumed a form of which it is 
difficult to give an idea; however, I will call it the 
tooth. AJ)out eleven degrees to the right of the second 
protuberance, I nc ticed a fourth, small and in the form 
of a square; between this and the third there was 
situated a rose-coloured cloud, the shape of which was 

s 
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elongated and bent, inclined at an angle of forty-fire 
degrees to\f ards the left limb of the Moon. This clond 
was entirely detached, floating on the corona like a 
red cloud at sunset. Its*centre was elevated above the 
limb of the Moon about one-half the altitude of the 
other prominences, or about two minutes. A fifth pro- 
tuberance also appeared at the beginning in the south- 
east, and was of increased size in the middle of the 
• totality. I ought to remarh that all the jprotuherancea 
icliich I noticed had a tendency in their form to describe 
a curce^ the concavity of lohich 2 vas turned froin the 
side of the westd 

But the principal Interest of the eclipse of 1860 
attaches to the photographic work of Fr. Secchi and 
Mr. De La Kue, 

To secure a photograph of the Sun itself is a 
problem of a wholly different character from that which 
these two astronomers had set themselves ; for owinff 
to the intense brilliancy of the solar light, the exposure 
necessary to secure a photograph of the Sun is of the 
briefest. For a minute fraction of a second the iinao'e 
ol the Sun must fall on the prepared plate ; but for no 
longer interval, or a mere blurred patch would reward 
the photographer. But to secure a picture of the solar 
prominences, an exposure of appreciable length is 
required. If or was it one of the least difficulties of 
Secchi and De La Kue that the length of time actually 
required was unknown to them. All their work was 
tentative ; and there was every reason to fear that ' 
success was impossible on account of the colour of the 
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prominences. A red or orange light lias commonly no 
actinic power whatever; insomnch tha! the ^dark 
room ’ of the photographer is^ in a photographic sense, 
nearly as dark when its walls are of orange-colonred 
glass as though the;^ were absolutely opaque. So 
that if the light of the prominences really were pure 
red, it was hopeless to endeavour to obtain photographs 
of these objects.* _ 

Despite the diflSculties which the problem presented,® 
and the dislieartcning anticipations whicli their ex- 
perience as photographers justified them in forming, 
the two physicists I have named boldly entered on 
their task. They adopted different methods. Mr, 
De La Rue employed the Kew heliograph, and the 
small image formed at the focus of the object-glass was 
enlarged before being received upon the plate. Secchi 
preferred to receive on the plate the image formed by 
the object-glass of his telescope. This image was about 
an inch in diameter. 

The result,’ says Sccchi, ^ proved that both systems 

* It is 'worthy of notice, and affords a frcsli proof (if proof wrro 
wanted) of the fact that ohservationa may iiivolv(j important results 
altogether apart from their direct significanco, that the succossful photo- 
graphing of the prominences afforded all but cornploto proof of that 
which was aftt'rwards demonstrated hy the spoctroscope—the fact, 
namely, that the prominences consist of glowing rapour. Seeelii or 
Do La Kue might quite confidently have assorted that when the promi- 
nences came to bo examined with the spectroscope, their spectra would 
show a hand or hands near the blue end of the spoctnnn, separated by 
wide dark gaps from certain bands in tho red and orange part. The 
greater part of the light of the prominences corresponded to these 
latter bands, but that part by which tho photographs wore taken corre- 
sponded to the former. 
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are excellent, each having its special advantages. In 
the enlarged image one can distinguish more details, 
hut the direct image gives a greater extension to the 

r 

corona.’ 

The two observers were situated at different stations. 

Secchi at the Desierto de las Palmas, near the 

Mediterranean ; Mr. De La Kue at Eiva Bellosa, near 
the Atlantic. Thus an interval of about six minutes 


Erom. photographs of the Sun during the total solar ociipso of 
'' June 1860. {De La Bue,) 

elapsed before the Moon’s shadow passed from one 
station to the other, and an opportunity was afforded of 
determining whether the prominences change rapidly 
in figure. Besides this, there was a slight difference in 
the apparent course traversed by the Moon’s disc 
in crossing the Sun’s; for Secchi and De La Hue 
were at differ ent distances— and, as a matter of fact, on 
opposite sides of the path of the centre of the Moon’s 
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shadow, so that De La Rue’s scries of photographs shows 
more of the promliieuccs on the supeviof ])art of the 
Sun’s limb, while Secchi’s scries shows more of the 
prominences on the inferior portion. 

It will be unnecessary — so closely do the two seines 
resemble each other in all essential respects — to exhibit 
both ; but further on there will be found a copy of one 
of Secchi’s pictures (fig. 82, p. 327), which the rcachn* 
may conli)arc with figs. 66 and 67, copied from Mr?- 
De La Rue’s photographs. 

It will be noticed that fig. 66 represents the earliest 
phase. The Moon is advancing from right to left, and 
has just hidden tlie last fine thread of direct sunlight 
on the left. Thus we see the full height of the pro- 
minences on the left, while no prominences ^re seen at 
all on the right of the Sun. At the upper and lower 
part of the Sun’s limb the prominences are partly 
concealed, and necessarily remain so throughout the 
eclipse. In fig. 67 the Moon has obliterated a largo 
proportion of the prominences on the left, while it has 
in turn revealed a number of small prominences, along 
range, or sierra, and a lofty and massive i)rojeotioii, 
on the upper right-hand quadrant. Fr. Secchi ob- 
served the prominences directly, and with great care, 
while his assistants managed the photography. Amongst 
the phenomena he noticed, I may mention the circum- 
stance tjiat the strange prominence seen in both figures 
on the tipper left-hand quadrant, possessed a helicoidal^ 

* It would l)c well if ihia word ‘ lielicoidal ’ wore always employed in 
this sense, in proforenco to tlioword ‘spiral,’ which might be conveniently 
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structure. In the magnified picture from Mr. De 
La Rue’s photographs^ this structure can be clearly 
recognised.* 

. Fr. Secchi thus summed up the result of his 
observations : — 

1. The prominences are not mere optical illusions ; 
they are real phenomena appertaining to the Sun, Our 
observations having been made at two jdaces so|)aratc(l 
•a hundred leagues from each other^ it is impossible to 
suppose that shapes so well defined and so exactly 
identical conld be produced by a phenomenon rescnihling 
mirage. 

2. The prominences are collections of luniinoiis 
matter of great brilliancy and possessing a remarkable 
photographic activity. This activity is so great that 
many of the prominences which are visible in the 
negatives could not he seen directly^ even with power- 
ful instruments, perhaps because they emitted only 
chemical rays and few or no luminous rays.f 

3. There are masses of prominence matter suspended 

xestiacted to curves lying in a pkne. I am not insisting on oithor tortn 
as more correct, bnt only on the convenience of a recognised term lo 
express spiral curves not lying in one plane. 

* Secchi notices the apparent encroachment of this prommoneo \ipon 
Ihe Moon’s limb—a peculiarity which he ascribes to the fact that tlu^ 
Moon was moving away from the prominence while the plate wan undtT 
exposure. Doubtless, this circumstance produced its effect; but 
phenomenon is chiefly due, according to the experimenbil researchoH of 
Dr. Curtis, to a process of chemical encroachment taking place during 
the development of the plate. ^ 

t The spectroscopic observations made during the American eclipHu 
tend to throw doubt on this conclusion, which, however, is in accoi'dancn 
with the observations made by Mr. DeLaRue, and also, hoitnotieod, with 
laboratory experiments on the spectrum of hydrogen. 
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and isolated like clouds in the air. If their form is 
variable the variations take place so slowiy that it is 
impossible to recognise their effect during an interval 
of ten minutes.^ 

4. Besides the prominences, a zone exists of the 
same material, enveloping the whole of tlie Sun’s 
globe.f The proininences spring from this envelope ; 
they are masses which raise themselves above the 
general level, and even at times detaidi themselves» 
from it. Some among them resemble smoke from 
chimneys or from the craters of volcanoes, which, wlum 
arrived at a certain elevation, yields to a current of air, 
and extends horizontally. 

5. The number of prominences is incalculable. 
When observing the Sun directly, its globe appeared 
to be en<;ircled with flames ; there were so many tlifit 
it seemed hopeless to attempt to count them. 

6. The height of the prominences is very great, 
especially if we notice that account mxist be taken ot 
the portion concealed by the Moon. Thus ostimatod, 
the largest protuberance visible in 1860 was c(*rtainly 
not less than three minutes in height, which corrci- 
sponds with about ten times the diameter of the Earth ; 
the others had a height of from one to two minutes. 


* Later observations sbow that this opinion must he morlifiod, and 
that though many of the largo prominoncios j^oimun unchangtKl m ilgure 
for a eonsMerablo interval, yet others ehange veuy rapidly. 

t Grant, Swan, and Vou Littrow had alroiidy recognised this ; and 
Leverrier, from. obsorvatioiiH made (luring the same (KdipH(^, hadeome to 
the same conclusion. Thu matte is alluded to furUiur on. (Heo note 
in pp, 290, 291.) 

J 
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We may consider that the prominences were finally 
placed in their true place in the solar scheme by the 
obseryations made in 1860. Doubts still contimicd to 
be expressed by a few ; but the majority were satisfied ; 
and henceforth the coloured pronainences were yery 
generally regarded as solar appendages. 

It may be well to consider briefly the interest of tins 
result before proceeding to inquire into the researches 
4 )f the last few years, which eyen surpass in importance 
those already described. 

In the first place, it must he remembered that 
though the prominences are seen all round the circum- 
ference of the solar disc they do not really form a 
circle. They are the foreshortened projections of 
objects which may lie — ^and many of which must lie — 
thousands of miles from that circle on the Sun which at 
the moment forms the apparent boundary of his disc. 
W e know>,in fact, that certain prominences are as high 
as three minutes — that is, extend to some 800,000 
miles from the Sun’s surface. Jfow, supposing ABC 
to represent a part of the Sun’s circumference, and 
« three prominences of this height, an observer, 
T iewing the Sun froin a point at a great distance away 
towards the right or left would only see the extreme 
tips of the prominences a and c, while he would see the 
full height of the prominence Z». But in order that 
these two prominences should he thus in appearance 
sunk below the solar limb, the line a c would need to 
be about 500,000 miles in length. So that if there 
were any prominence of so great a height as or c 
along any part of the arc A b c it would appear to rise 
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al)(»ve the Sini’s level. Nor need we modify this con- 
elusiou on aeeoiiiit of the layer of red matter which 
has heeii shown l)y the observations already described to 
surround the solar <i;lol)c, since undoubtedly the highest 
proinineuees extend considerably more than three 
minutes even above the nj)])cr surface of this red layer. 

But now, having considered a side view, let us con- 
<'eivo the ciise of a view from above. Suppose 
a', //, and c' (fig. 68) to represent the same thre* 


Fio. fifi. 


Illustrating tho ciiBtribution of large prominences over the Sun’s surface. 



prominences brought round so as to be viewed from 
above. Then the actual boundary of the Sun thus 
viewed would he represented by the circle s s';* such 
that whereas a' c' represents 500,000 miles, s s' repre- 
sents 850,000 miles. In order, therefore, that a pro- 
minence of the full height of 80,000 miles seen from a 
distant point lying towards the right or left may be 
visible above the level of the red envelope, it is obvious 
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that it must lie somewhere on the part A u F o, so far 
as the hemisphere shown in fig. 68 is concerned, or on a 
similar portion of the other hemisphere. Now, the 
curved surface A f hears "to the whole surface of the 
hemisphere s d s c the same propoi’tion that a' rehears 
to s s'. Hence the extent of surface on which a promi- 
nence 80,000 miles high must be placed in order that 
it should be visible from a distant point, is about 
fifty eighty-fifths, or ten-seventeenths of the whole 
surface of the Sun. Hence it would follow that if 
ten such prominences could at any time be counted by 
the observer, then only some seventeen exist in all pro- 
bability at that time over the whole surface of the Sun, 
Furthermore, it is easily calculated in tlie same way 
that for a prominence really as high as those which seem 
tBree ininutes high to appear so high as two minutes, 
it must lie on a zone of the Sun including nearly one- 
third part of his whole surface ;* insomuch that if even 


The mode of caleolation is exceedingly simple. Tims,' adding twice 
three minutes to the Sun’s diameter we get about thirty-eight minutes 
(whietmay be regarded as including theredlayer aswM as throominutes 
or the prominences). Now, for a prominencereally three minutes high 
to appear at least two minutes high (I use minutes here as a convenient 
expression both for real ^apparent height) its summit must obviously 
he not tether than Vlxiil minutes from a great circle of ah imagi- 
nary sphere thirty-eight minutes in diameter, this groat circle being 
Uiat whose plane is perpendicular to the line of sight from tho ohservor. 
Thus the whole zone on which its summit may lie will constitute ratlior 
more than twelve thirty-eighths ofthe surface of that imaginary sphere 
and obviously the whole zone on which its base may lie will 'constitute 
the same proportion— that is, nearly one-third— of the surface of the 
foun Its elf. 

, The general rule would be as follows :-Tlie zone on which a promi- 
nence which if really on the limb would appear m minutes high— must 
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so many as ten prominences of this height could at any 
time be counted (which cannot but be i^garded as a 
very exceptional circumstance) then only abo-ut thirty 
such prominences exist in all probability at that time, 
over the whole of the Sun’s surface. In such a case 
also the total number of prominences actually visible 
above the level of the red layer should (by the result 
of the preceding pai’agi'aph) be ten-seventeenths of 
thirty, or about eighteen,-— -unless, besides the thirty 
prominences of the height mentioned, there were other 
inferior ones, in which case more than eighteen would 
of course be visible. 

It follows obviously from the comparatively small 
number of very high prominences ordinarily seen either 
during eclipses or by the methods presently to be de- 
scribed, that even if the astronomer could roam at Kis 
will around the Sun in search of lofty prominences, 
instead of being limited, as he is in reality, to a single 
view of the Sun as a disc, he would seldom (if ever) be 
able to discover many of these amazing objects. Al- 
though, taking eclipse with eclipse, the prominences 
cannot be regarded as exceptional, since every total 
eclipse yet observed has revealed one or more promi- 
nences of an amazing altitude, yet as regards the Sun’s 
surface they are few and far between. So few, indeed, 

lio, in order that it may not appear loss than w! minutes high, coyers a 

space of , 

V(w^ — ni') {d + g 

” d + 2 m 

where d is the Sun’s apparent diameter in minutes and S the Sun's 
surface. 
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must they he, as to render it extremely prohablc that 
not one of those yet seen has been so exactly on tlic 
real limb of the Sun as to be seen in its full propor- 
tions; nor would it be -very hazardous to assign five or 
six minutes as a height to which the highest promi- 
nences, when most favoui’ahly seen, may be expec^ted 
to attain.^ So that we may regard 130,000 miles as 
no exaggerated estimate of the height of these wondcr- 
lul objects. If fig. 69 represents a flame four 
minutes in height, then the four interior (or so-called 


Pig. 69. 



Illustrating me vast scale of tlie larger proniiiioneos, 

terrestrial) planets would he represented on the same 
scale by the four small discs shown on the convolu- 

tions-Mercuryuppermost, then Venus, the Earth and 
Moon, and Mars ; while even the giant bulk of tTiij li- 
ter would bear no greater proportion to the enormous 
solar prominence than is shown by the dimensions of 
the largest disc in fig. 69. 

Eet us proceed, however, to those more rebent re- 

* Since this TOtten I received the account of Bespiglii’s oUscr- 
ji^tions. In one instance he has seen, a prominence no less than six 
minnteSj or about 160,000 miles in height. 
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searches by which the actual constitution, of the pro- 
minences, and even ia some sort the part ^hey play in 
the economy of the San’s globe, have been ascertained 
by astronomers and physicists. 

Direct observation had been employed during the 
eclipses of 1842, 185’f, 1855, and 1860. Photographic 
records had been obtained during the last of these 
eclipses. But a method of research more powerful 
than telescopic observation or photography was now 
be applied to the solar prominences. These objects, 
whether regarded as self-luminous or as shining by 
reflecting certain portions of the solar light, were 
clearly well suited for the application of the spectro- 
scope, That powerful mode of analysis which will 
detect the elements present, even to the minutest con- 
ceivable extent, in coloured terrestrial flames, seeine\l 
to promise results of the highest interest and impor- 
tance whenever it should be applied to these coloured 
solar prominences. 

Accordingly, Colonel Tennant (to whom astronomy 
owes a debt of gratitude on this account) early called 
the attention of the scientific world to the importance 
of studying the great eclipse of August 18, 1868, not 
only with the telescope and by means of photographic 
appliances, but under the searching powers of the 
most wonderful method of research yet invented by 
man. 

Accordingly, two well-furnished expeditions set forth 
from England, supplied, through the liberality of the 
Indian Government and of the learned societies of thi|5 



THE SITN'^ 


270 

country^ with the means of satisfactorily pursuinp:; the 
important im'-estigations which had been suggested by 
Messrs. Huggins, De La Kue, and other experienced 
astronomers and physicists. 

In the first place it will be well to consider tlie 
photographic and other records OT this eclipse. 

I have selected the six photographs taken by Major 
(now Lieut. -Col.) Tennant, at Gruntoor, as not only 
atfording the most complete illustration of this parti(ni- 
lar eclipse, but as supplying the best ilhistration of 
eclipse photographs yet obtained. The length of time 
during which the Indian eclipse lasted gave Major 
Tennant the means of taking a large number of 
records, with a longer exposure than was })0S8ible 
during the American eclipse; and a value belongs to 
one series taken at a given station with the same 
instrument and by the same process which cannot he 
assigned to a larger series combining the labotirs of 
different observers. It is on this account that I have 
preferred to present in Plate HI. the photogra])hs of 
the eclipse of 1868, rather than those obtained during 
the eclipse of 1869. 

The instrument employed by Major Tennant was a 
Browning, with reflector of nine inches clear apei-ture. 

‘ It was determined; says Major Tennant, ^ to adopt 
the Newtonian form, and to place the sensitive plates 
at the side of the tube in order to find room, which 
would be very difficult at the end of the tube ; the 
small mirror thus rendered necessary was made 
'Unusually large in order that it might reflect all the 
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.rays from a surface of some diameter, and it was hoped 
that by this means, and by giving a sufficient exposure, 
a picture of the coi'ona might be secured ; but light 
clouds so decreased the actinic power of the light as to 
defeat this, though still we have traces of the corona.’ 
Major Tennant remaVks, also, that although, owing to 
the lowness of the latitude, an entirely new design was 
required, w^hile " from the necessities of its construction 
the instrument could not be tried before being sent 
out,’ yet the photographic arrangements were very 
good and convenient, the instrument very firm and 
steady, while the force required to direct the telescope 
was very smalL 

The weather had been remarkably clear for several 
days before the eclipse, and a magnificent view of the 
phenomenon would have been obtained had August VS 
reserhbled its precursors. But unfortunately on the 
morning of the eclipse the eastern sky was clouded 
over with cumulo-stratus clouds, which although not 
suflSciently dense to interfere with vision, were very 
annoying accompaniments to the processes of solar 
photography. It had been arranged that during’ the 
six minutes of totality six plates should be exposed. 
Notwithstanding the unfavourable condition of the air, 
this arrangement was carried out; and it was fortunate, 
as it turned out, that no longer time was given for the 
exposure of the successive negatives, since otherwise 
they would in all probability have been spoiled. 

Sergeant Phillips and two Sappers, specially trained 
for the purpose at Mr. De La Hue’s observatory,* 
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Cranford, superin-tended the subordinate arrange- 
ments. • 

Major Tennant thus describes the six photographs 
(see Plate III) : — 

Photograph 1. The exposure was as short as possi- 
ble— probably less than a second! In this photograph 
some glare has fogged the plate a little, but the follow- 
ing things are noteworthy : — First. The enormous horn 
on the north side, whose height, as derived from the ' 
Moon’s diameter (about thirty -four minutes), is three 
minutes, eighteen seconds, corresponding at the distance 
of the Sun to 88,900 miles. Secondly, The ridge of 
light extending round the upper limb of the Moon, so 
bright as to be markedly seen through the thickest of 
the fog, though the glorious horn is paled. Near the 
horn this light is clearly broken into beads, as may be 
seen in Mr. James’s picture of the horn, and is occasion- 
ally double. Thirdly. At its southern end this ridge is 
terminated by a protuberance of singularly complicated 
structure. 

Photograph 2. Taken almost exactly one minute 
after, and exposed for five seconds. ^ North of the 
great horn we see a peculiar and faint figure, shaped 
(generally) like a bow, but with interruptions and 
nuclei of light, and having an arrow-like spike in the 
middle of its base. Next we have the great horn, 
which has here been over-exposed. The Moon’s limb 
has advanced as far as the point where the two lower 
branches seen in No. 1 meet, leaving only a trace of 
^the bifurcation, and the upper part of the horn is of 
course larger than in No. 1, as fainter parts have come 
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into view. When this photograph is well illuminated, 
traces of the spiral structure, so apparent in the rest' 
are seen ; but it would be .difficult to recognise it 
without the other pictures. Passing on, the Moon’s 
limb is on the edge o^ the faintly luminous stratum I 
have described in No. 1, which is, of course, now far 
more marked; and as we approach the south we see 
the prominences mentioned under No. 1 as being in 
the faint stratum, and then reach the upper part, of the 
former terminal prominence, where the long exposure 
has now blotted out all traces of structure.’."*^ 

Photograph 3, Exposed one minute six seconds later, 
and for ten seconds. ^ It is evidently less affected by 
light than No. 1, and was probably taken through a 
light cloud. Here the great horn again claims, 
attention ; its spiral structure is now clearly made out. 
The outline of the Moon is wanting till we reach the 
south terminal protuberance of No. 1, which is now 
nearly hidden ; and in its neighbourhood we again see 
the flare of which 1 spoke in describing No. 2.’ 

Photograph 4, Exposed fifty-two seconds later, 
and for five seconds. ^ Nothing is seen but the great 
horn, but that picture is of singular beauty. The 
continually varying intensity of the light and its 
markedly spiral structure are the material points.’ 
Photograph 5. Exposed one minute three seconds 

* ‘ The neighbourhood of both these prominences is marked by light, 
flaring into the corona in irregularly-curved lines,’ adds Major Tennant, 

* and this corresponds to the part of the corona which has been described 
by Captain Branfill and others as most bright.’ This remark will be ® 
found important when wo aro upon the subject of the corona. ^ 


T 
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later, and for a short interval only. ^ The great ho: 
is still congj^lcuoiis on the east side of the disc ; ai 
the outline of the Moon is marked round threc-qun 
ters of the circumference. The top of a pronaiiicn 
on the north-west side of the limb is seen.’ 

Photograph 6. This plate was exposed but for 
short time, like the first and fifth, and one and a lu 
minutes after the last. ^ It is a picture as late as 
was thought prudent to take it during the absence 
the Sun. On the south-east side, where the core 
was brightest, are traces of it ; and the whole lit 
from north to south-west shows a trace of corona, a 
a series of beautiful protuberances, only one of whic 
however, is large. In the original it a];)pears inflat( 
To me it resembles exactly a toy balloon in the shn 
* of an animal. There is a mark as of an open moiit 
the eye and the neck are marked, and the tail stai 
out stiffly behind. I mention these details beeax 
they complete the appearance of inflation by the 
semblance they cause to what one has seen in tl 
state. I would especially draw attention to the appe 
ance as of a strong current of air (so to speak) blow: 
from north to south, and bending over and 
detaching and carrying away the tops of prominenc 
It is well worthy of notice, also, that the horn s 
continues partly visible. It cannot, indeed, havel)^ 
completely bidden even at the moment when tlie £ 
was about to reappear.* 

* I thirik this account would bo incomplete were I not to (ixioto 
'generous remarks with which Major Tennant closes this section oi: 
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^ At other places along the track of the eclipse 
similar appearances were perceived ; nor Iftive we any 


Fig. 7(>t 
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Till' ocliiwiid Sun, AuRUHt l«(l(); phoUiffritiiUfid at. Aden. 


wport. ‘ Thnmghout,’ lio Kaya, ‘ 1 havu Hpiikim of j„yhii11' hb Bluiririg m 
tlw pliotrigrnrihy. I oortaitily oxiioHcd an<UUiv<-I<n.(id a fow i.latca, and 
gomirally supci'intwidcd all that WHit mi, and hi. far I was 1li(i auperin- 
ti'iidonl, of tliiH ilopartmoiit ; but tlui troid.ln of (‘iiiltiaviniriiig to break 
in now and uiiakiUtid liaiiils, and of carrying out tlio dotailB, foil on 
Sergeant i’hillijis, to wIh.ho stoadiiiaHS and determination to succeed, 
tlio result in this iiialtcr is mainly duo. lie ■was, nioreorcr, most useful 
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distinct evidence pointing to a change of figure (luring 
the progre^ of the Moon’s shadow from Aden, in the 
•west, to Mantawaloc Kekee, the most easterly station 
where the phenomena of . the eclipse were wifeiesscd by 
competent observers. The accompanying picture (fig. 
70) represents the eclipse as photographed at Aden 
about forty minutes before the shadow reached Giin- 
toor. There is little in this picture to establish the 
occurrence of a change of figure in the great horn 
prominence. In comparing it with Major Tennant’s 
views it must be remembered (in justice to the German 
photographers) that the atmospheric conditions were 
much less favourable at Aden, where the eclipse oc- 
curred very shortly after sunrise. In the next chapter 
a picture (fig. 84) of the eclipsed Sun as seen at tlui 

• extreme easterly station, Mantawaloc Ivekee, exhibits 
a tolerably close general accordance with Major 
Tennant’s views. Other pictures and descriptions 
need not here be referred to, because they differ in no 
essential respects from those relating to previous 
eijlipses. 

Had the work done during this eclipse been limited 
to what I have hitherto described, the results, howeven- 
interesting, would not have advanced in any important 

• respects our knowdedge of solar physics. We have 
now, however, to consider far more important results. 

At nearly all the stations preparations Jiad been 

in other ways, for I could always rely on liis care, and was thus cnabliNfl 
to avoid constant exposure to the Sun. Indirectly ho has boon tlu- 

• means therefore of facilitating my other work.’ 
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made to »l, serve the coloured protoinencee end the 
corou. w,ll, the spectroscope. AU the sp'ectroscopio 
o terras acre cucceBaful iu detormbiug the veueral 
character of the prominence spectrum. I select the 
graphic aiul lively narrative of Lieut, (now Captain) 
llerschcl, ivho ooinmandcd the expedition sent out by 
tlic Royal Society, and observed the eclipse at Jam- 
kliatuh. ‘ Tlie week preceding the event,’ he writes, 
‘had (piite prciiarcd me for disappointment. There 
seems to lie an annual cloudy and rainy season at 
Jamkhatuli, wliich lasts about a fortnight, and was 
.said to be somewhat more marked tlian usual this year. 
Jhe morning broke, however, as usual— clear, but the 
driving monsoon-cloud.s soon showed the kind of sky 
we were b. expect. About a quarter of a minute be- 
1‘orc totality a third cloud obscured the Sun.’ He had* 
directed the spectrosijope towards that part of the Sun 
which would ho. the last to disappear, and was watching 
the solar spectrum as it grew gradually narrower and 
narrower. It will be understood ironi what has been 
said towards the close of Chapter HI. that the moment 
this spectrum disa[)pcarcd the spectrum of the promi- 
nence luatf or (or failing the presence of such matter, 
the sjKictnim of the corona) would start into view. 

You may conceive, he says, addressing t)r. Huggins, 

‘ my state of iie.rvouB tension at this moment. What- 
ever the corona was competent to show must in a few 
seconds have hcen revealed ; unless, indeed, it should 
hapiieii that a proininonee or derm should he situated 
at that particiiliir .spot, iu wliich case the double ' 
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spectrum woiilcl be presented. But the solar spcctuiiii 
faded out while it had still appreciable width, and I 
knew a cloud was the capse.’ He turned to the finder 
of the telescope, removed the dark glass, and waited 
for the passage of the cloud. As the telescope ^^as 
mounted so as to follow the motion of the feun by 
means of clockwork, there was simply nothing to be 
done. ^ I was,’ he wiites, ^in that fever of philosophi- 
cal impatience, which recognises the futility of imita- 
tion even while it chafes under the knowledge oi 
fieeting seconds. How long I waited I cannot say 
perhaps half a minute. I can well recall the kind ot 
frenzied temptation to turn screws and look sowewhere 
else, checked by the calm ticking of the clock telling of 
a firm hold in the right place, cloud or no cloud. And 
soon the cloud hurried over, following the Moon’s 
direction, and therefore revealing first the upper edge 
of the disc, with its radiating and — as I fancied — 
scintillating corona; and then the lower. Instantly I 
marked a prominence (of whose identity there will be 
no jjnestion) near the needle point in the finder. Those 
few seconds of unveiling were practically all that I saw 
of the eclipse as a spectacle. With the exception of a 
hurried glance into the finder at a later period to 
watch for another break, I was the whole time engaged 
at the spectroscope. I have not the remotest idea (from 
actual experience) of the external phenomena which 
were presented to the thousands of upturned faces of 
those whose voices I heard outside. I might easily 
^ have lifted the curtain and looked out while the clouds 



THE PROMINENCES ANL CHROMOSPHERE. 279 

wore obstructing. That I did not do so is only to be 
explained by the absence of mind as regartled all else, 
produced by the concentratiqn of my attention on the 
problem before me.’ Resuming the narrative of his 
observations, Lieut. Ilerschel proceeds : — A rapid 
turn of the declination-screw covered the i)roinincnco 
with the needle 2 >oint, and in another instant I was at 
the spcctrosco])c. A single glance, and the problem 
w'as solved. Three vioid Ime.t — 7-ed, orange, ami blue ! 
I think I was a little excited about this time, for I 
shouted quite unnecessarily to my recorder, “Red! 
green! yellow!” quite conscious of the fact that I 
meant orange and blue.’ 

The problem was indeed in a general sense solved. 
Among all the ideas that had been putforw'ard respect- 
ing the ac-tual con.stittition of the prominences (.)ne, and 
one only, now remained availal)lo. Had the prominences 
been self-luminous solar mountains or clouds (properly 
so called) a continuous spectrum would have been 
seen ; had they been bodies which shine by rejecting 
solar light the rainbow-tinted streak (iro.ssed by hirk 
lines which forms the solar spectrum would have made 
its a|)pearance. The sole remaining theory was that 
the prominences consist of glowing gaseous matter. 

But it remained now to determine what the nature 
of this matter might be. To this work Lieut. 
Ilerschel turned his attention, and to tins work also all 
the olworvons who, like him, had succeeded in solving 
the general i»roblcm, devoted themselves during the 
remaining minutes of totality. The results they' 
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obtained may be thus summed up : — Herschel noted 
three lines-^a red one^ which he regarded as possibly c, 
the red line of hydrogen ; an orange one^ which he 
regarded as almost certainly T), the orange (double 
line) of sodium ; and a blue one, which he thought might 
possibly be F, the blue-green line of hydrogen. Major 
Tennant saw five lines, which he associated with the 
lines c, D, b , f, (probably) and G. M. J anssen saw six 
—red, yellow, green (two), blue, and violet, and esta- 
blished the coincidence of the red and blue' lines with 
the lines c and f, M. Eayet saw no less than nine lines, 
five of which he recognised as brighter than the rest ; 
these he associated with the lines b, d, e, Z>, and f. 

But we need not consider the evidence on which 
these various determinations rest, since a new and 
far more effective mode of observation was to place 
beyond all possibility of question the true position of 
these several lines, and of others as yet undetected. 

M. Janssen had been struck during the progress of 
the eclipse by the exceeding brilliancy of some of 
the bright lines which formed the prominence specti'um, 
^ Immediatement apr^s la totalite,’ he writes, ^deux 
magnifiques protuberances ont apparu : Tune d’elles, 
de plus de trois minutes de hauteur, brillait d’une 
splendeur qu’il est difficile d’imaginer.’ As he looked, 
the idea seized him that these lines might be seen 
when the Sun is not eclipsed. He cried out, he tells 
us, ‘ Je reverrai ces lignes-1^ !’ 

The principle by which he hoped to effect this will be 
'‘understood by the reader who has carefully studied the 
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latter portion of Chapter III. Briefly re-stated it is 
this : The light of the prominences when "flispersed by 
the spectroscope forms a few lines ; that of the illumi- 
nated terrestrial atmosphere' is spread out into the 
rainbow-tinted solar spectrum. Therefore, if we only 
use adequate dispersive power, we can cause the pro- 
minence-lines to show conspicuously on the background 
of dispersed atmospheric light. 

Clouds which gathered over the face of the Sun soon 
after totality prevented M. Janssen that day from 
pursuing this idea. But on the morrow he applied it 
with complete success. ' I have experienced,’ he said, 

‘ to-day a continuous eclipse.’ 

We have seen how it becomes possible by this 
method not only to recognise the spectrum of a pro- 
minence during full daylight, but by a series of sec- 
tional views, so to speak, to determine the figure of a 
prominence. To this work Janssen apjflicd himself, 
and he was presently able to forward to Europe news 
of his complete success in this new l)ranoh of research. 

The news of this important discovery was neardy two 
months in reaching Europe, and a few days before it 
arrived Mr. Lockycr had independently obtained a 
similar residt. The history (»f his work and of the 
way in which it was suggo.sted is not without interest. 
In May 1866, Dr. Huggins had examined the spectrum 
of the star which blazed out suddeidy in that year 
in the constellation Corona. Ho found that this star- 
now known as T Coronte *— gave a apeedrum which 
* In Mr, Boscoo s valuable work on Hpoctroacopic aualyHia, tins star* 
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clIfFered altogether from any he had previously ex- 
amined. There was the rainbow-tinted streak crossed 
by dart lines which ordinarily forms the spectrum of 
a star ; but over this, and obviously corresponding to 
a large proportion of the star’s lights there were bright 
lines. These bright lines corresponded in position with 
the lines belonging to hydrogen ; so that Dr. Huggins 
was able to pronounce that the great increase in the 
star’s light was due to an outburst of glowing hydrogen. 
Afterwards he found that other stars, and notably the 
middle star in the conspicuous W group of Cassiopeia, 
show bright lines, superposed on the rainbow-tinted 
background, though relatively far less briglit than 
those seen in the spectrum of T Coronas. In these cases, 
also, the lines were those of glowing hydrogen. 

* Here, then, was a perfectly apt illustration of the 
principle dwelt on in the concluding part of Chapter 
III. Here were the lines of a certain element rendered 
separately visible as bright lines, though the total 
amount of light received from the glowing hydrogen 
was not necessarily (in the case at least of the star 
in Cassiopeia) equivalent, or nearly so, to the re- 
maining portion of the star’s light. The concentra- 
tion of the light into three definite lines enabled it to 


is always referred to as t Coronse. This is a mistalco. Tlio star 
T Coronse is a well-known fifth-magnitiide star towards tlio north of 
the constellation. The real variable (ordinarily a tenth-magnitude star) 
lies to the south of all the conspicuous stars of Corona, It is called T 
in accordance with the rule by which the variables successively dis- 
covered in a constellation are named from the last letters of tho alpha- 
^etj beginning with E. 
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prevail^ as far as intrinsic brightness was concerned, 
over the diffused light, absolutely grcatei? in amount, 
which formed the rainbow-tinted streak. 

We cannot wonder, therefore, that tlie idea should 
at once have been suggested that if any portions of the 
Sun — as, for example, the coloured prominences — con- 
sist of glowing gas, the spectrum of such portions 
might be recognisable even amidst the spectrum of 
the far more intense light (so far as absolute brightness 
is concerned) of the solar photosphere. 

Mr. Lockyer was preparing about this time to 
undertake a careful scrutiny of the ])hotosj)hero with 
more j)owerful spectroscopic aj)plianccs than had yet 
been employed. Amongst the expectations which he 
formed at that time, there is a reference to the ])roblcm 
presented by the prominences. It may be interesting 
to give at full length the concluding w^ords of the 
paper he addressed to the Iloyal Society : — 

' Seeing that .spectrum analysis has already been 
applied to the stars with such success, it is not too much 
to think that an attentive and detailed spectroscii)pic 
examination of the Suifs surface may bring us much 
knowledge bearing on the physical constitution of that 
luminary. For instance, if the theory of absorption be 
true (!) Avc may suj)po8C that in a deep spot rays might 
be absorbed which would escrape al)sc)rption in the 
higher strata of the atmosphere ; hence, also, the 
darkness of a line may depend somewhat on the de{)th 
of the absorbing atmosphere. May not also some of 
the variable lines visible in the solar spectrum be diic^ 
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to absorption in tli6 region of the spots ? and may not 
the spectroscope afford us evidence of the existence of 
the ‘ red-flames ’ -which t§tal eclipses have revealed to 
us in the Sun’s atmosphere, although they escape all 
other methods of observation at other times ? and if so 
may we not learn something from this of the recent 
outburst of the star in Corona?’ 

It does not appear quite clearly from this passage 
whether Mr. Lockyer expected (as De La Euc had 
before) to find traces of thepromincnceg, when examin- 
ing the Sun’s surface, or whether it fell in with his 
plans to examine outside the Sun’s disc. But the 
latter is the more probable explanation. The grant he 
asked for from the Eoyal Society was allowed him, 
and the construction of a suitable spectroscope was 
entrusted to Mr. Browning (after a delay consequent 
on the death of Mr. Cooke). In the meantime 
Dr. Huggins applied his spectroscope unsuccessfully 
to the search, and Hr. Secchi, who had thought of 
examining the Sun’s edge, gave up the attempt on 
heating of Mr. Lockyer’s failure to detect anything 
remarkable there.* 

Whether, supposing no further discoveries had been 
made, Mr. Lockyer would have succeeded in recog- 
nising the bright lines of the prominences, is one of 
those questions which never can be answered. For 

* ‘ Era gia gran tempo che avevamo interzione di esplorare T otlo del 
sole con lo spettroseopio, ma 1 ’ assicurazione data da molti abili osserrii- 
tori e dal Sig. Lockyer stesso, die nulla vedevasi di piii all’ orlo del 
disco che al centre, ce ne area distolto.’— Afmorza III sugli spettripris- 
72iatici de’ corpi celesti. 
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my own part, I cannot but think that he would 
assuredly have succeeded in the long run» even if the 
Indian expedition had been a failure. My reason for 
believing this is that Mr. Browning had so successfully 
mastered the optical conditions of the problem as to 
ensure complete success on the observer’s part, when- 
ever the examination of the Sun’s limb should be 
thoroughly undei'taken. Plowever, owing to one cause 
and another, there ensued considerable delay before 
Mr. Lockyer attempted to make the required observa- 
tions; and in the meantime news came to England 
that the spectrum of the prominences Included three 
conspicuous bright lines. This placed it out of Mr. 
Lockycr’s power to discover the lines ; but it was still 
left for him to show that they can be seen when the 
Sun is not eclipsed. Two months after the eclipse he 
announced that he had so seen them ; and the story 
runs that some five minutes or so before, the announce- 
ment of Janssen’s prior success had been received by 
the. President ol the Imperial Academy at Paris, a 
communication from Mr. Lockyer to a similar elfect 
had been read to that learned body.* 

* M. Fiiyo, while mlmitting Mr. Lockycr’s claim to the indopcndcut 
recognition of the visibility of tlio linos without odipwt, expresses a 
feeling of regret tlint the more distance betwoon India and Faropo 
should havo prevented Franco— as represnntud by M. Janssen— from 
enjoying the full credit of the discovery. There is soniething almost 
chihlish in this mode of viewing the mutter. How M. .lausscu’s 
credit can be diminished bocanse Mr. .Tjockyur independently ofRictedthe 
same observation it would be hard indeed to say. But this is not all. It 
seems to ns that nothing can bo more miachiovous to scionco than the 
promulgation of the idea that nun'o priority in making and announcing 
an ohscrvati(jn is to afford tho dduf measure of the credit to be assigned 
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Soon after SeccH successfully applied the same 
niethod, as did Dr. Huggins, u-hose spectroscope was, 
however, not altogether well adapted to the wori, 
having been specially designed for stellar researches. 

It was a peculiarity of the new mode of observing 
the prominence-spectrum that it enabled the observer 
to determine at his leisure, and in a much more satis- 
factory manner than had been possible during the 
eclipse of 1868, the true position of the prominence- 
lines, their characteristics as respects shape (the sig- 
nificance of which feature has been already referred to, 
p. 146), and also the existence of lines which had escaped 
observation while the eclipse was in progress. It is 


to tho ohservor. If t,hia wo so. the wisest (ll.<m(ih most solflsli 
coarse wlii* tho students of science could iollow would be to eouceu 
s,n original ideas as- to inodes of obsdrnition or processes of wsea«h 
until they conld apply those ideas on their own account. Now, thuti ue 

ideas at once, lot who will adopt and utilise tliem (and let_ who will 
obtain credit for .tho result). There may he cleverness in a iiioic 

dinlomatio course, but there is no true love of scienco. 

I may add that as regards tlio question of priority in this mat or 
more importance might bo attached to it wore it not well known Imt 
after Dr Huggins’s observations of T Ceroiias tho princplo on which 
the new mode of obserration rests was recogiiisi'd by all who iiiidei stand 
spectroscopic analysis. Like the discovery of Siin-spotH, tlKWeioro, t ns 
rLgiiitioi of th/promiueiico-lincs in full dtiylighl was an umvitable 
soquol of the construction of an adtxiuatrfy dispersive speetiviscopu- 
battorv. This was, however, a work requiring a degree oi Hki I ou tho 
ixwt of tho optician who was to doviso tho instruiiH'nt wlnoli Hhonld 
cause us to assign no incousidornblo share of tlie credit to Inm. M. 
Janssen, I believe, devised the principle of tlio battery h.' employed. 
The battery employed by Mr. Lockyor was constructed, as already incn- 
tiinicd by Mr. Browning, tho inventor of tho automatic spcetroscope. 
Mr. Lockyor tolls us tliat it so perfectly fulfils the requireil coiidiUuiis 
*hat tho least experienced observer can seo the proiniiienco-lines. 
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obvious tliat the spectrum of the Sun’s limb seen at 
the same time (or that of the illuminated terrestrial 
atmosphere) affords the most satisfactory means of 
determining the position of the bright prominence-lines ; 

for tlicvK in the solar spectrum arc those very lines 

the dark lines c and n and F, and so on — witli which 
tlie eclipse observers had associated the bright lines. 
It is only necessary to see whether those dark lines 
coincide in position with the bright ones (see figs. 36, 
37, and 38, in which, however, but a few dark lines 
arc shown) in order to tell whether the bright promi- 



nencc-liucs are or are not due to the presence of those 
l)artieular elements to which the solar dark lines 
beloiifi;. 

Janssen found in this way that the orange line of the 
pioiuiueiiccs does not correspond, as had been thought, 
with the I) or sodium (double) line of the solar spectrum, 
lie found, however, that the rod and blue proininenco- 
liues do actually coincide with the c and f lines of 
hydrog(m. So that these enormous objects, extendino- 
in Bonu! imstanoes to a height of more than 80,000 miles 
above the Sun’s surface, consi.st in part, at Iciist, of the 
glowing vapour of hydrogen. 

But it was possible to recognise other lines besides 
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these three by the new method, when an instrument 
of adequate? dispersive power was employed. The 
accompanying picture (fi^, 72), for example, exhibits 
the spectrum of a prominence, and of the adjacent 
portion of the Sun’s limb, as shown by Mr, Lockyer’s 
spectroscope. It will be seen that the double line of 
sodium as well as three lines of the magnesium spec-r 
trum are shown. It is only necessary to suppose that 
M. Hayet saw the two close double lines as single ones 
in order to account exactly for the nine lines seen by 
him.* 

* The following is Pr. Secchi’s description of the principal lines seen 
in the prominence-spectrum under ordinary conditions : — 

‘ The line c of hycltogen,’ he says, ‘ is the most easily seen of all. It 
sometimes reaches the enormous height of three minutes, indicating the 
presence of such colossal prominences as are seen during eclipses. On 
tile limb of the Sun generally the height of this line is wery irregular, 
and on the average attains to from ten to fifteen seconds. This line 
also extends in a well-marked manner within the limb, overlapping the 
disc by ten seconds and more, Xet further on the disc thero is a region 
where the line cannot he seen, being neither bright nor dark, but of the 
same^ tint exactly as the neighbouring part of the spectrum, which is 
thus in this part of its length continuous .and uniformly bright. With 
a slit placed parallel to the limb the space throughout which the line 
disappears is often considerably extended. Outside the disc the line is 
much brighter near its base than at the summit, and the line is dilated 
at the base, and seems to terminate in a point where its light fades off, 
until, as I have already said, it becomes of the same brightness us the 
neighbouring part of the spectrum before becoming a dark line. Out- 
side the Sun the line is bounded by two dark lines, which appear at 
first sight to be the effect of contrast, but may probably have another 
and a real cause. The bright line is often formed of knots and separate 
pieces, which are evidently so many fragments of different prominences, 
placed one beyond the other and unequally bright. If the aperture of 
the slit be enlarged as much as is possible without rendering the light 
unbearable, the bright line of the rose-coloured fringe is seen to be 
parked by irregularities which are due to the roughness of texture 
[scahrosita) of the prominences themselves.’ 
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Mr. Lockyer was presently able to confirm the 
views of Grant, Secchi, and others, who had, as 

After montiomng that ho has boon*al,lo to apply Janssen’s method 
ofdetorminuiptlio shape of the prommoiiecs hy taking lino-sections 
Secclu remarks that ho has often tried to dotormino mhethor there is 
any fixed aw as regards the direction in which the prominences are 
liont, hut has lutherto not succeeded in tracing any. 

, ‘It lines. '-1 ni>out twice and a 

half as far fr. ,m tlio nearest ot these as these are f«)m each other This 
hnc IS sons.!, y the prolongation of a briglit lino in the solar spectrum 
In height and brightness it corresponds closely to the c-lino, but I have 
noticed that It will not bear high magnifying power so well. While 
the r and c lines roinaui brilliant under sucli powers, this line becomes 
weaker, so that only the practised eye can detect it. The lino ends in a 
point, and it often extends itself brilliantly upon the disc of the Sun 
On side the disc, it is not bonlered by dark lines; on tho contrary 

iTko tll.^- iinr‘’'’“ ''' 

‘ The y-htie is in general not so liigli as tho c-lino, and grows faint 
at the cxtreiiiity, where it takes the form of a lance. Outside the disL 
It IS aeoompaiiied by a narrow dark none on tho more refrangible side. 
Sometimes I have soeii it prolonged beyond tlio edge of the solar disc 
as m the case of the c-liiie; at other times a W'ry line black thread 
shows itseli on tho more refrangible side. This seems to show that the 
K-I,iio IS not due to hydrogen alone.’ (This conclusion, however, has 
l)(‘cn negatived.) ’ 

_ ‘ The third lino of hydrogen near o I have seen as a bright line Imt 
It IS iioees,snry to risluee the dispersive power of the pri.sinatie buttpry 
111 order to obtain suiheiont liglit.’ ^ ^ 

.Socclii is of opinion that whore there are faeulm on or close to the 
limh, there promi lienees exist; but he is unable to say with emial con- 
fidence that wlierover prominoiiees exist there are also faeiilai. 

He was surprised to find on one occasion, when several lines besides 
the above-mentioned weru visible, that of the throe lines forming tho 
group A ol iiiugneHium one and one only was visible,-,! second line 
holding a pes, 1,0,1 millway between the oilier two lines of the same 
group. He remarks Unit Itayet had observed , luring tho eclipse of 
Auginst 1808 only two lines of this group, and that these two 
(l()u])l]eHH corrcjHpoiidtHl with tlioHo Hcon by liimKolf, of wliich, as ^ve have 
seoii, one does not m-eord with either of the two remaining magnesium 
hues. He was so surprised at this peculiarity tluit ho searched dili- * 

U 
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already mentioned, enunciated the theory that the 
Sun is wholly surrounded by a layer or envelope of the 
coloured matter whence as it would seem the promi- 
nences spring. To whatever part of the Sun’s edge 
he directed his spectroscope the bright lines, belonging 
to the prominence-spectrum could be seen, though reach- 
ing but to a short distance from the edge of the Sun, 
save where there is a prominence. Unaware * that this 

gently for two hours to detect traces of the other lines of magnesium, 
hut could find none whatever. He considers the objections which have 
been iirged against this observation as ‘ inconclusive — to use no more 
severe expression — since it is unreasonable to suggest that he would 
have been careless when observing so remarkable a phenomenon.’ 

^ In Mr. Lockyer’s detailed account of his work {Rejport of the Astro- 
nomical Society, Pebruary 1869) he states that ‘ at the time tho 
spectroscope revealed to him that the prominence-spectrum was never 
absent, and that, in fact, the prominence-matter formed a continuous 
^envelope round the Sun, be was not aware that such an envelope had 
been suggested by previous observers.’ The account goes on to speak of 
the physicists who had propounded this theory — Swann, Grant, Von 
Littrow, Leverrier, and Secchi — describing their views as ‘ideas,’ 

‘ suggestions,’ and ‘ surmises,’ and adding that ‘ the experimental proof of 
the tnith of these surmises is due to Mr. Lockyer.’ It is bare justice to 
remark, however, that with some at least of the five physicists above- 
named the theory was much more than a surmise or conjecture. Thus 
Professor Grant writes, in 1858, ‘The zone of a deep red colour observed 
at Toulon toward the part of the Moon’s limb where the Sun was about 
to emerge, clearly indicates the accumulation of nebulous matter in the 
lower regions of the solar atmosphere, as well as tho condensation of the 
circumambient fluid of which the latter is composed towards tho surface 
of the Sun, arising from the pressure of the superincumbent strata.’ 
Leverrier wrote in 1860, ‘ The existence of a bed of rose-coloured matter, 
partially transparent, covering the whole surface of the Sun, is a fact 
established by the observations made during the time of totality in tho 
eclipse of this year.’ Secchi was equally convinced of the existence of 
this rose-coloured region. ‘ The observation of eclipses,’ he wrote, 
^fitr^iishes indisjputahle evidence that the Sun is really surrounded by a 
layer of this red matter, of which we commonly see no more than th(‘. 
most elevated points.’ If these be surmises, how shall men of science 
express conviction ? 
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layer had already been discovered, Mr. Lockyer 
devised a name for it, entitling it the chro^msphere. ,, 

Whether this envelope is to be regarded as a true 
solar atmosphere, in tlie sense in which that term is 
usually understood, may be seidously questioned. As 
seen in the telescope it presents a well-defined and 
very uneven limit, giving the idea rather of a region 
of flames or clouds than of an envelope of the nature 
of an atmosphere, ihat the substance ju'oducing the 
(,<j1oui cd light of the chroiuosphcx'c is gaseous admits 
indeed of no question ; but so also the prominences 
are gaseous. Yet we do not regard these as of the nature 
of an atmosphere. ISTow, if the surface of the Sun be 
covered at all times with small prominences, bearing 
somewhat the same relation to the gigantie ‘ hoims ’ 
and ‘ boomerangs ’ seen during eclipses that the bushes' 
covering certain forest regions bear to the trges, then 
theie can be no doubt that the chromosphere could 
not rightly be regarded as an atmosphere. We have 

Lovorrier and Socclii beliovod in t,ho of thin ('nvolopn bewiuso 

fhoy iiad socn it; and Soechi bad the further <>vidoueo (t,houf>U no 
fiirthor ovidonen could bo n««ied) derived from liin phor()t;raplis. Under 
IbcRo cireuinstancBH no Bubsequeut oliBenun- can elniin to have ‘ b(^on t ho 
first to give exporimcntal proof of tbo exiHtonco of tlu> chromosphoro.’ 
Or if,— then Galileo might have claimed to have b(«cin the first to give 
e.vpmmental proof of the oxistonco of the Moon or of Jupiter, since 
tindoubtedly ho first studie.1 timso bodit-s tcicseopically. That Mr. 
LoelcyiT vmM liava discovered the chromosphere had it not been dis- 
covetvd before (unknown to him), may bo well bidioved, proeisoly ns 
wo may be ussnrial that liad not tho oclipso observers in 1808 discovered 
the nature of the proniinouce-spcctrurn, Mr. Lockyer would have done 
“tin® of these things is no discredit to his 
abilities, since no man that over lived has succeeded in discovering the 

discovered; and it may be surmised that no man over will. 

V 2 
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no evidence that it even extends downwards as far as 
the visible i.imits of the photosphere, since undoubt- 
edly if a distance of forty or fifty, nay, even of two or 
three hundred miles, separated the lower limit of the 
chromosphere from the photosphere, no telescopes we 
possess could suffice (when supplied with suitable 
spectroscopic appliances) to reveal any trace of this 
space. A width of two hundred miles at the Sun’s 
distance subtends an arc of less than half a second ; 
and telescopists who know the difficulty of separating 
a double star whose components lie so close as this 
will readily understand that a corresponding arc upon 
the Sun would be altogether unrecognisable. 

I am very far, therefore, from accepting with confi- 
dence the view that the chromosphere is the true solar 
kmosphere. Rather I believe it consists of matter — 
gaseous; no doubt, but — suspended in the true solar 
atmosphere. I think that not only is this view con- 
firmed by the appearance of the chromosphere as de- 
picted in Plate VI., further on, but that the general 
resemblance as regards structure and appearance be- 
tween the chromosphere and the prominences suffice 
to render it at least highly probable that the former 
can no more be described as the solar atmosphere than 
the latter. But even more striking is the evidence 
deduced from Plate V. Por here we see in the first 
figure a prominence which has been obviously erupted. 
We see it as it springs upward, expanding with the 
diminishing atmospheric pressure, and we see in the 
"second figure how the erupted matter has slowly begun 
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to sink, with expansion, indicating low pressure in the 
upper regions, but with a figure indicating a real re- 
sistance. It is then this invisible atmosphere, through 
which the upper portion of tlie prominence has begun 
to subside, that would seem to constitute the true solar 
atmosphere, while the chromosphere should be re- 
garded as consisting of a multitude of smaller pro- 
minences, either freshly erupted or the remains of 


Fig. 72. 



H/r 

IlliiHtruting tho 'wtdoning of the F-lino of hydrogen near 
hiiHi' of tho chromosphoro. 

former eruptions, floating in the lower regions of the 
solar atmosphere, much as the second prominence of 
Plate V, is floating (for a brief while) in the upper 
regions. 

Tho inferences which have been deduced respecting 
the pressure exerted by the solar atmosphere at and near 
tho level of the photosplierc remain unchanged, how-** 



ever, -wliatever view we adopt on this point. Pig. 72 
illustrates the evidence on this point. Here 1 is a part 
of the spectrum of the Sun's limb, while 2 represents 
the line r in the spectrum of the chromosphere. The 
widening of this line close by the Sun’s limb may be 
regarded as unquestionably indicating an inci-case of 
pressure, because the researches of Pliicker, Hittorf, 
Huggins, and Frankland have demonstrated that the 
jr-line of hydrogen does actually increase in this way 
in width when the pressure at which the hydrogen 
subsists is increased. Temperature, also, has an effect 
on the hydrogen lines ; nor is it quite easy to separate the 
effects due to pressure from those due to temperature.* 
But, on the whole, it seems probable that pressure is 
chiefly in question, while it may be regarded as 
absolutely certain that temperature alone is insufficient 
to account for the observed change. Now, whether we 
regard the glowing hydrogen of the chromosphere as 
forming a true constituent of the solar atmosphere or 
as bearing a somewhat similar relation to that atmo- 

a paper by Dr. Zollner ( f/icr die Tom^eratur und ])hysischc 
J^cschoffenliBit d(T SotiTie), an abstract of wbicli, by tho present writor, 
appeared in the E^iglish Mechanic for September 1870, it is suggestf'd 
that means might be devised for distinguishing between the effects of 
pressure and temperature by causing a discharge of gas to take place 
at the moment when the induction spark is passed through the hydro- 
gen. It is certainly a problem of the utmost importance thus to dis- 
tinguish between the two effects which play the chief part in solar 
phenomena. 

The disappearance of one of the magnesium lines at a certain height 
above the spectrum of the limb (see fig. 71) in which the linos b belong 
to magnesium, is significant of a very low degree of pressure at tho 
•level whore the shortest line ceases to be visible. 
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spliere that the aqueous vapour in our own air bears 
to the permanent constituents, it is yet certain that the 
pressure of the hydrogen near the solar photosphere 
is a measure of the atmospln^ric pressure there. And 
from the observed width of the F-line near the Sun’s 
liml) (see fig. 72) it has been estimated by Wlillner 
that ^ the pressure on the base of the chromosphere, or 
at the surface of the photosphere, is below tlie pressure 
of the Earth’s atmosj)hcrc.* He lias even assigned the 
limits of pressure at the level of the solar photosphere 
as lying certainly ‘between 50 and 500 millimetres (or 
between 2 inches and 20) of a mercurial barometer at 
the Earth’s surface.’ 

It is within the chromosphere and certain of the 
prominences that spectroscopes of high dispersive 
power exhibit those signs of cyclonic motions taking 

* It inxiHt iK)t li(‘ forgotten, however, that tlio width of hydrogen- 
liiK* whore it actually roaches tlio spectrum of tho lirnh is not known. 
TJio ohserved width on which Wulbicr fouudo(l his researches may bo 
that correspoiiding to a height of 50, 100, or even 200 miles above 
the ])h(>toHplu‘re ; and witliiu thoHO 50, or 100, or 200 mih'S aii incroaso 
of pressure may take place by which the actual density of the atmo- 
sjiliore close by the phot<)sph<u‘o may ho enormously iucrcaised. -iThero 
nmy Ije au atirnospherij including t.ho vapours of iron, sodium, mag- 
nesium, &(’. (of all the chmnuits, in One, wliose dark linoH appear in 
the solar sptKJtruin) oxUmding; say, 100 miles ahov(» the photosphere ; 
and yet no instrumonrs we possesH could suflloe t<j reveal any trace of 
its existence, unleM tha dark Unas m the solar spaalrim bo ilurnght to 
dmomtrate. the fact that such an atmosphere mtually does exist. The 
fact that on some occasions Mr. Lockyc^r hfis seen hundreds of tln^ 
Fraiinhofer lines (as bright lines) in the spectrum of the chromosphere 
rondei'K this fur from improbable. The arguments on the strength of 
which it has been assximod that the absorption to which the dark lines 
are din^ takers place below the visible photosph(‘re, appear, to say the 
least, far from doinonstrativo. ^ 
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place in tlie solar atmosphere the recognition of which 
has seemed so surprising and inexplicable. The study 
of the last part of Chapter III. will have shown the 
reader that if very rapid motions are taking place, 
either due to the swift rush of the glowing hydrogen 
through the solar atmosphere or to the effects of 
cyclonic motions in the atmosphere itself, by which the 
glowing hydrogen is borne away, the spectroscope — if 

Fig. 73. 
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Illustrating tlie spectroscopic indications of solar cyclonic action. 


only^its dispersive power be sufficient— cannot fail to 
give unmistakable evidence on the point. The probl cm 
is altogether simpler and easier indeed than that which 
Dr. Huggins had to deal with when he undertook to 
measure the velocity' with which Sirius is winging its 
flight through space. For there in the solar spectrum 
are the very lines of hydrogen with which the chromo- 
sphere lines are to he compared. If the spectroscopic 
dispersion suffice, the least experienced observer can 


L 
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tell as certainly that a solar storm is in progress as the 
terrestrial observer can tell by the motions of cirrus 
clouds that the upper regions of our own atmosphere 
are disturbed. The accompanying illustration (fig. 73), 
for instance, shows how the I’-line in the chromosphere- 
spectrum is at times swayed (as it were) from 
coincidence with the dark F-line of the ordinary solar 
spectrum. At 1 we see the line deflected towards the 
violet, sho-wing that the portion of the chromosphere 
under examination was moving rapidly towards the 
observer ; at 2 we see a deflection both towards the 
red and towards the violet, indicating that in the same 
field of view (that is, in the portion of the chromo- 
sphere included within the slit) there were masses 
moving towards as well as from the eye ; while, lastly, 
at 3 we see a deflection towards the red, indicatinfv 
a rapid motion from the eye. During someflobserva- 
tions such as these, Mr. Lockycr has had evidence of 
motions at the almost inconceivable velocity of 120 
miles per second. I cannot, however, accej)t his con- 
clusions as to the distribution of the motions over the 
Sun’s surface, because he seems to take very little 
account of what certainly is the fact, that the extension 
of the portion of chromosphere under examination is 
very great in the direction of the line of sight. As- 
suming an apparent dei)th of only ten seconds (which 
is within the usually observed limits), a tangent-line to 
the Sun’s surface passes through a range of upwards of 
60,000 miles ; and to speak of the clear recognition of 
a solar cyclonic storm only 1,500 miles in diameter- 
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(as described by Mr. Lockyer) when the visual ray- 
passes thron^h a depth forty times as great, seems to 
me wholly inadmissible. We have no evidence that 
the portions of the chromhsphere giving the three dis- 
placements shown in hg. 73 may not have lain 20,000, 
30,000, or even 40,000 miles apart, in the direction ot 
the line of view;* in other words, that the observed 
solar storms, though undoubtedly raging with amazing 
fierceness, were necessarily cyclonic in character. 
This remark does not apply with equal force to the 
evidence deduced from the appearance of the jiromi- 
nence F-line depicted in fig. 74,t because we cannot 
consider it likely that two prominences of the onorinoiis 
height indicated by the extension of the shatter cd i 
lines from the spectrum of the limb, woidd lie along 
fhe same visual line at the moment of observation. 

Professor Young, of A.merica, has, however, noted 
a remarkable circumstance which seems in some 
sense to throw doubt on the inferences which have 
been deduced from the displacement of the F-line. 

* Throughout Mr. Lockyer's papers tliero is to V)0 not(‘cl a moth' ot 
explaining the ohserved phenomena which scorns to imply that the 
spectroscope exhibits to us the condition of a mere slice of the solar 
envelopes. The effect of the Sun’s solidity in giving an onormouH ex- 
tension to the visual lines through the chroinospliero eeonis wholly 
neglected, even where a reference to the hroadth of the region rt'ully 
included within the slit would appear to invito a rofi^renco to th(^ otluT 
form of extension. 

d In this figure the clots below the spectra indicate tho fimouut of 
displacement on either side of the normal position of tlio F-lino, corre- 
sponding to a velocity of 8, 16, and 28 G-orman geopraphlwil luiU's per 
second (a German geographical mile being equal in haigth to a flftt‘outh 
part of a degree of the Earth’s equator— i e,, to about Kiiglish 
•miles). 
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He observed on one occasion that while the r-line of 
hydrogen in a prominence was absolulpely shatter ed^, 
the 0-linc of the same element presented its ordinary 
appearance. It seems absolutely essential to the in- 
teri)retation hitherto placed on the displacement of cme 
lino of hydrogen that the other line should exhibit a 
similar displacement^ differing only to a slight degree 
as regards extent. If the observation should be con- 


Fio. 74: 



Illustrating the spectroscopic indications of rapid motions in tall 
coloured prominoncos. 


firmed that the C and r lines of hydrogen in the gsame 
prominence-spectrum behave diflFerently, a most perplex- 
ing problem will be presented not only to astronomers, 
but to physicists. 

We have now, however, to turn to a yet more in- 
teresting and valuable series of researches, by which 
astronomers have been able to observe the exact figure 
and changes of figure of the prominences. The prin- 
ciple on which these researches, first successfully 
pursued by Dr. Huggins, have been based, have been 
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already explained towards the close of Chapter III. 
The Tisibility of the prominence-lines depends on the 
dispersive power of the spectroscope ; and, clearly , the 
narrower the opening of the slit the more effective will 
this dispersion he. The lines of the prominences are 
thus, indeed, narrowed, but they do not diminish in 
brightness ; whereas the spectrum of the illuminated 
atmosphere diminishes in brightness in precise propor- 
tion to the narrowness of the slit. But if we widen 
the slit the forms of the prominences may be seen, if 
only the brightness of the atmospheric spectrum is not 
too greatly increased. In order, therefore, that this 
feat may be achieved, we must have a spectroscope of 
great dispersive power. 

Now, I have said that Dr. Huggins’s spectroscope 
was not particularly well suited for the kind of ob- 
servation* we are considering. It had not, in fact, 
sufficient dispersive power; so that when the idea 
occurred to him of seeking for the prominences with 
an open slit, he had no great hope of succeeding. As 
a matter of fact, he failed. The increased light blotted 
out the prominences altogether. 

But he was not so to be foiled. He who had shown 
astronomical spectroscopists the way to success in the 
beginning, was now — with inadequate means — to show 
his pupils (if one may so speak) how to study the 
prominences to new purpose. Supplementing the 
powers of his spectroscope by the use of coloured glass, 
he was able to solve the great problem which was the 
xrue end of all the observations hitherto made. Others 
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were aiming at the solution of the problem. Lieut. 
Herschel had suggested the use of cokured media 
admitting only such rays as the prominences emit. 
Mr. Lockyer was trying 1 know not what device 
of rotating or vibrating slits, — 

And one Imd aimed an arrow fair, 

!Biit sent it slackly from th© string j 
And ono had pierced an outer ring 
And ono an inner here and there ; 

But last the master bowman, he 
Had cleft the mark. 

Fig. 75 represents the picture — rough, but instruc- 
tive of the first solar prominence ever sfien when the 
Sun was not eclipsed. 


Pro. 75 . 



Tlu‘ first promiiionco seen by means of th© spectroscope. 


So soon as the open-slit method had been suggested 
by Huggins many other observers adopted it. Mr. 
Lockyer, availing himself of the great dispersive power 
of the instrument Mr. Browning had made for him, found 
that he could dispense with the use of coloured glasses. 
The prominences were rendered distinctly visible with 
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the openslit alone ; and he could readily watch the chang- 
ing figures ofithese mysterious objects. The accompany- 
ing drawings (figs. 76 and 77) exhibit two views of a 
wild and fantastic group of prominences, drawn by Mr. 
Lockyer, the second only ten minutes after the first 
was completed. 


Ptg. 76. 



A group of solar prominences. — March 14, ISG'J, llh. Tim. 


Dr. Zollnerj the eminent German photometric'ian, 
applied the same method in a systcmati(‘/ manner. 
Some of the pictures he has published are singularly 
interesting. 

• It is to be noticed, in the first place, that Dr. Zdlluer 
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observed the same protuberance in three ditferent 
colours, corresponding to the three lines, of its spec- 
trum. He found a material difference between the 
rod and the blue image on the one hand and the ‘yellow 
on tlic other. The latter is very intense only in close 


Fin. 77 . 



TJu^ aauu* ^I'oup tuu miiiiiteH later. 


jiroxhuity to the Suu’b limb/ and corresponds there to 
the otlier images ; but the more delicate details dis- 
aiipear at a greater distance. Zollner suggests that 

* It will l)(i ol)8orvo(l that Zolliior’s roHults as regards the coloured 
imagi'H (‘(>rr(‘Hp(>iid with those obtained by Socchi in observing th<3 
<‘()loured Ibu's. 
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this may be explained on the hypothesis that ^ the rays 
which, give ^rise to the yellow image emanate from a 
gas having a greater specific gravity than hydrogen^ 
and therefore existing at a lower level.’ 

The most interesting of Zdllner’s drawings are ex- 
hibited in Plates IV. and Y. It must be conceived by 
the reader that these views are only tlie red images. 
Zollner saw perfectly similar blue images^ and nearly 
similar orange-yellow images. The combination of the 
three produces the complete image as seen, during 
eclipse, with the telescope. 

Eespecting the several protuberances shown in Plate 
IV., he makes the following remarks : — ^ In fig. 1 we see 
an intensely luminous peak-shaped mass rising from tlie 
border of the Sun, above which is spread a cloud-like 
formation of less intensity. To the same type belong 
the protuberances of figs. 4 and 9. In fig. 4 it is re- 
markable that the surprisingly beautiful cumulus shape 
of the cloud was separated from the peak by . a con- 
siderable distance. The cloud was exceedingly delicate, 
and even its finest details could be recognised. The 
separate cumuli of which it was composed appeared 
almost like dull luminous points.’ 

Fig. 2 was one of the most remarkable formations, 

^ I hardly believed my eyes,’ says Zollner, " when I 
noticed in it the tongue-like motion of a flame. This 
motion w^as slower, however, compared with the size of 
the flame, than that of high towering flames at great 
conflagrations. The time recjuired by such a wave in 
passing from the base to the apex was about two or 
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tliree seconds. I endeavoured on the following days 
to verify this observation by the discovery of similar 
formations, but I have not , succeeded, in spite of my 
arduous and continued search. I therefore request 
that this statement may be considered as one requiring 
further proof.’ 

In figs. 3, 6, and 10 we have remarkable illustrations 
of the great rapidity Avith which the protuberances 
change both in form and brilliancy. In these figures the 
different shapes are represented which the same protu- 
berance assumed after the intervals of time indicated 
by the hours and minutes (Leipsic time) named under- 
neath them. The heights range from 30 to 120 seconds, 
and when it is remembered that a second of arc at the 
Sun’s distance corresponds to a distance of no less than 
450 miles, it will be seen on how enormous a scale 
these prominences are formed. ^ 

Zollner, even at this early stage of his inquiries, was 
led to arrange the prominences into two distinct classes 
— the^ cloud-like and the eruptive. Eespecting objects 
of the former class, he remarks that they remind -him 
of the different forms of our clouds and fogs. ^ The 
cumulus type is completely developed in some of the 
figures. Other formations remind one of masses of 
clouds and fogs, floating closely over lowlands and seas, 
whose upper parts are driven and torn by currents of 
air, and which present the ever-varying forms so well 
known, when viewed from the tops bf high mountains.’ 
An important observation was made by Zollner on 
June 27, 1869. ^ On this day,’ he says — ^ the first clear 
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day after a long spell of cloudy weather— I observed 
the bright protuberance-lines, without however being 
able at that time to nialve a complete observation of 
these formations. As soon as I approached the slit of 
the spectroscope to a certain position in the Sun s 
limb, where the protuberance-lines appeared particu- 
larly long and bright, brilliant linear flashes passed 
through the whole length of the dull spectrum over the 
limb of the Sun, about three or four minutes distant 
from the latter. These flashes passed over the whole 
of the spectrum in the field of view, and became so in- 
tense at a certain point of the Sun’s limb as to produce 
the impression of a series of electrical discharges 
rapidly succeeding one another and passing through 
the whole of the spectrum in straight lines. Mr. 
Vogel, who afterwards for a short time took part in 
these observations, found the same phenomenon at a 
different portion of the Sun’s limb, where protuberance- 
lines also appeared. ^ The phenomenon can be ex- 
plained,’ adds Zollner, ^ by the hypothesis that^mall, 
intensely incandescent bodies, moving near the 
surface of the Sun, emit rays of all degrees of 
refrangibility, and produce flashes of a thread-like 
spectrum as their image passes before the slit of the 
spectroscope.’* 

* We must not, however, forget the possibility that these objectH 
may have been insects in the air at no very considerable distance from 
the observer. Lieut. Herschel was for some time misled by a similar 
phenomenon, but, after long watching, one of the bright objects suddenly 
^stopped and flew off in a new direction, and he then recognised tlu^ 
fact that he had been intently observing with the telescope, and carefully 
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Plate V. illustrates a later paper of Zollner’s, and 
the most cursory study will serve to show that he ob- 
served the prominence there exhibited under exception- 
ally favourable conditions. Nothing can be more 
striking than the aspect of the prominence shown in these 
two drawings. It is obvious that Zollner had here been 
regarding the action of solar eruptive forces casting forth 
enormous masses of glowing hydrogen gas."^ The evi- 
dence on this point has already been referred to. It 
seems impossible to conceive that any evidence could be 
more convincing. 

But we owe to Professor Respighi the most sys- 
tematic and successful attempts yet made to deal with 
the solar prominences. He has in fact d<3monstrated 
the possibility of applying to the prominences sys- 

analysing with the spoctroRCopo, a jlUjht of locusU / These ph joets were 
much more conspicuous than those hcou hy Zcilhicr, however ; and the 
obRervation made by Mr. W. S. Oilman, jun., during the American oclipse, 
that in tho heart of a largo prominoneo (a of fig. 78, JiH) thoro wore 
exceedingly bright red points, soorns to conlirm tho justice of Zdllncr’s 
conclusion. 

^ Zdllnor rtanarks that the provalonco of ono or other of tho charac- 
t(‘ristic forms into which prominoncos may bo divided — visi., thc^’cloud 
form and the miptivo form— appears to depend partly on their local 
distribution over tho solar surface, partly on tho time of observation; 
insomtich that at a given time one form, at another tho othoi*, may bo 
the prevailing typo. ‘That tho eloud-formod promimmeos present so 
lively a resemblance to terrestrial cloud and smoko, is easily explained,’ 
he adds, ‘ when wo recollect that the forms of our clouds must be 
supposed to depend, not on the vesicles of water suspended in them, 
but (essentially) only on the mode in which the air-masses, variously 
warmed and moved, expand. The water-vesiclos in terrostrial clouds 
form but the material by which such differences of temperature and 
motion are rendered visible to us. In the clouds of tho protuberances 
this visibility is brought about by tho glow of tho luminous hydrogexf 
masses.’ 
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tematic observations comparable with those applied by 
Schwabe and Carrington to the spots. On ciich of the 
days, 7,12-15, 17, 18, 21, 24, 26-29, and 31 ofJa.n.ary 
1869, he took views round the solar limb, until lu; had 
completed the circuit, ranging the observed prominenot^s 
in a straight line (the prominences being presentCHl, ior 
convenieuce,[on a scale twice that of the chromosphei e s 
horizontal extension). The result is shown in 1 late V I. 
We have only to su 2 )pose each horizontal row of coloured 
prominences bent round a disc representing the bun, 
and the prominences reduced to onc-half their jiresent 
dimensions, in order to have a complete pieturi^ of flu* 
Sun’s condition on any of the days illustrated in tin- 
plate. It cannot be but that the application of 
Respighi’s system throughout a long series of years 
will result in revealing laws in the number and magni- 
tude of prominences at different times and in difUii-imt 
solar latitudes. Such laws, once clearly rocognise<l, 
will probably serve to indicate relations, as yet wholly 
unthought of, between the prominences, the phcuumenu 
of the photosphere, the magnetic relations of the 
planetary scheme, and many other periodic phenomena. 

Leaving the reader to study at his leisure the 
singularly interesting features shown in PlaU; VI., 
I will briefly indicate certain general conclusions to 
which Professor Respighi’s researches have led him. 

He considers that the prominences, at least as regards 
their origin, hear no analogy whatever to terrestrial 
^clouds, but are strictly phenomena of eruption.* He 

^ Tliia view is not altogotlier opposed to l)r, ZuUiior’H, wiio reganlH 
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has noticed that where there are faculte there are 
iisnally prominences, but he considers that the promi- 
nences are certainly not identical with the facul^e. Over 
Sun-spots there are low jets, but no high prominences. 
In the circumpolar regions great prominences are 
never recognised, and the prominences actually seen, 
besides being small, are few in number, and last but a 
short time. At the solar equator, also, the prominences 
are less frequent, less active, and less developed than 
in higher solar latitudes. He noticed some prominences 
exceeding three minutes, or ten terrestrial diameters, in 
altitude ; and one prominence observed by him had an 
elevation of no less than twenty terrestrial diameters, 
or about 160,000 miles. He found that the formation 
of a prominence is usually preceded by the appearance 
of a rectilinear jet, either vertical or oblique, and ver^ 
bright and well defined. This jet rising t# a great 
height, is seen to bend back again, falling upon the 
Sun like the jets of our fountains, and j)resently the 
sinking matter is seen to assume the shape of gigantic 
trees more or less rich in branches and foliage. 
Gradually the whole sinks down upon the Sun, some- 
times forming isolated clouds before reaching the solar 
surface. It is in the upper portions of such promi- 
nences that the most remarkable and rapid transforma- 
tions are witnessed ; but a great difference is observed 
in the rate with which prominences change in .figure. 


the two types into which he divides prominences as ^fferent formS of 
the same objects, and, therefore (necessarily), theclond form as the seqael 
of the eruptive. 
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Their duration, too, is very variable. Some dovcloi)e 
and disappear in a few minutes, while others remain 
visible for many successive days. He considers that 
the sharply-defined bases of the eruptive jets prove that 
the eruption takes place through some compact 
substance forming a species of solar crust, ^ He 
agrees with Zollner in considering that the eiiorinous 
velocity with which these gaseous masses rush through 
the solar atmosphere implies that the latter is of ex- 
ceeding tenuity. His conclusion that repulsive forces 
must balance the solar gravity, is not shared, however, 
by Zollner, who prefers to regard the forces at work 
in producing the prominences as strictly analogous 
to those which produce eruptive action on our Earth.f 

I had proposed to give a somewhat full account of 
the observations made by the American astrono- 
mers upo«. the solar prominences visible during the 
total solar eclipse of August 1869 . But so much 
space has ^already been occupied by the sulject of 
this chapter that I prefer to introduce only thovse 
narratives of the American observers which re- 
late to the corona. These will he found in the 

* This corresponds to the Trennungschicht of Zollner’s thoorj, who, 
however, does not agree with Respighi in regarding sonio form of 
electric action as the probable cause of these eruptions. 

f It seems conceivable that the phenomena of g<^yHors may havc^ tlicir 
counterpart in these solar prominences. It is trno that a gaseous, not a 
liquid, mass is erupted; so that there is here nothing comparahle to the 
rapid change of a column of liquid into vapour which cauHes tho out- 
bursts of geysers. But the temperature and prossiiro at which dissociation 
occicrs may bear the same relation to tho outbursts of those gaseous 
passes that the temperature and pressure at which water boils, bear, 
in Bunsen s theory of geysers, to the occurrence of geyser eruptions. 
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following chapter. The accompanying drawing (fig. 1 8 ) 
exhibits the prominences photographed by the American 
astronomers, the Moon’s disc being reduced so as to 
permit all the prominences to be visible at once. The 
line I? K indicates the course of the Moon’s centre 
across the Sun, A n being a dcclination-circic, and c D 


Frn. 78. 



Tho eclipse of August 7, 181)9'. J^'roui photographs by the 
Auiuncuu astrouoiiKTH. 


a declination-parallel. The most successful photo- 
o;raphlng party was that headed by Dr. Mayer, at Bur- 
lingtou. But the two photographs by Dr. Curtis 
possess a si)ecial value on account of their delicacy 
and the number of details they exhibit. He has 
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shown that the sharply-defined outlines of prominences, 
and even of the coronal glare, seen in most photographs 
of eclipses, result from excessive development. He 
proves satisfactorily, also, that the encroachment of 
the prominence-bases on the black disc of the Moon is 
due to a similar cause. 

In Dr. Curtis’s contribution to Dr. Sand’s elaborate 
report of the eclipse, the curious reader will find a 
very interesting investigation of the aspect of the 
prominence shown between B and c in fig. 78 . He 
refers all its peculiarities of appearance to the action of 
a cyclonic storm in the upper regions of the solar 
atmosphere at this place. 

It remains only to be noticed that, even while this 
work has been passing through the printers’ hands, 
IVofessor Young, of America, has succeeded in ob- 
taining a ^ihotograph of a prominence when the Sun 
has been shining in full splendour. Altliougli tlie 
result is, he tells us, not remarkable as a presentation 
of a solar prominence, yet as indicating the possibility 
of applying photograiihy to record tlie condition of the 
chromosphere and prominences from day to day, from 
month to month, and from year to year, it is full of 
promise. ^ The time seems not far off when we shall 
be as familiar with the laws according to which these 
. mysterious objects appear, develope, and disappear 
within the solar atmospheric envelope, as we have 
alieady become with the general laws affecting the 
behfiviour of Sun-spots. 
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TnF. con ON A ANJ) ZODIACAL LIGHT. 

Ttik coloured iiromineuccs, as we have seen, are 
phenomena which have been recognised only in recent 
times. We have now to deal with a phenomenon -n'liich 
has hcen known to astronomers for a much lonacr 
period, hut has proved more difficult of interpretation, 
and remains (iven at the present day not clearly under- 
stood. 

It may fairly be hclicvcd that during tfte earliest 
total solar eclipses observed by maidcind, tlic corona, or 
crown of glory, which surrounds the bliifk .disc of the 
hloojr must have attraci.ed attention. Yet the records 
of the recognition of this phenomenon arc by no means so 
distinct as might have been expected. We do not 
find, indeed, in ancictit works |>rofe,ssodly treating of 
the ])henomena of nature, any reference to the iin- 
])osing appearance presented by the solar corona. The 
earliest alhusion to the idienomcnon is held by Professor 
Grant to be that passage in the Life of ‘Apollonius’ 
where Philostratus, speaking of the signs and wonders 
which occurred before the death of Domitian, says, ‘In 
the hcaveys there appeared a prodigy of this nature^ 
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a certain corona^ resembling the Iris, surrounded the 
orb of the Sun, and obscured his light.’ Taken alone, 
this passage would certainly not seem intended to 
describe the phenomena of a total eclii)se; but as 
Pliilostratus afterwards remarks that the darkness was 
so great as to resemble night, we may assume Avitli 
some confidence that a total solar eclipse had oc- 
curred. 

Plutarch more distinctly describes the appearance 
actually presented by the corona when he endeavours 
to explain why the darkness during a total eclij)se is 
not so great as that of night. ^Even though the Moon,’ 
he says, ^ should hide at any time the whole of the Sun, 
still the eclipse is deficient in duration as well as 
amplitude, for a peculiar effulgence is seen around the 
cfrcumference which does not allow a deep and very 
intense shfudow.’ 

I do not propose to record in full the ol)servations 
which have b^een made upon the corona. To do so 
would occupy, indeed, much more space than can here 
be scared. Keferring the reader wlio wishes for a 
more complete account of the earlier observations to 
Professor Grant’s admirable " History of the Physical 
Sciences,’ I shall consider here those observations 
alone which .tend to throw light on the nature of the 
corona. 

Some of the earlier observers of total solar eclipses 
would seem to have been misled by the great brightness 
of the corona close by the Sun, and to have supposed 
that a ring of direct sunlight had remained uncovered. 
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We shall see presently that modern observers have 
also been struck with the brightness of the lio-ht 
close by the Sun; and it seems obvious that this 
bright light is to be regarded as wholly distinct from 
the light of the chromosphere, the redness of which is too 
marked to escape recognition. Eemembering that 
before the invention of the telescope the corona was 
the only marked phenomenon to which observers 
were able to direct their attention, a certain weight 
attjudies to tlieir comments on the brightness near the 
Mooifs dis(‘. 

Olavius having expressed his belief that the eclipse 
ol 150/ was annular, Kepler w^as led to investigate the 
subject, and he proved that that eclipse must needs 
have been total. In 1605 he witnessed a total 
ccli[)se at Na])les, and found, in the features it pr*e- 
sent(‘d, the (‘xplanation of the remarks of Clavius. 
‘The whoUi body of the Sun,’ he says, ^ was com- 
pletely covered for a short time, but £y.’oivid it there 
shouts a brilliant light’ We might suppose that he 
r(‘(\n’r<Ml to the chromosphere, because he says tl^atthe 
light was ^ c»F a reddish hue but as he adds that it was 
‘ ol’ uniform breadth, and occupied a considerable part 
ol' the heavens,’ there can be no doubt that he, is 
sptniklng of the corona. 

I)r. Wyberd gives a remarkable account of the 
appt^araiu'c of the corona during the total eclipse 
<yf Mar(*h 21), 1(552. ^ When the Sun was reduced 

to a narrow crescent of light,’ he says, ‘^the Moon all 
at once threw herself within the margin of the soUr 



3i6 


TB.E SUN. 


disc with such agility that she seemed to revolve like 
an upper millstone^ atFording a pleasant spectacle of 
rotary motion. In reality, however, the Sun was 
totally eclipsed, and the ajipearance was due to a 
corona of light round the Moon, arising from some 
unknown cause. It had a uniform breadth of half a, 
digit, or a third of a digit at least it emitted a bright 
and radiating light, and appeared concentric with tlu^ 
Sun and Moon’ when the middle of totality was 
reached. 

It need scarcely be remarked that the agility with 
which the Moon seemed to thi'ow herself within the 
margin of the Sun’s disc was merely apparent. It has 
been noticed by many observers tliat the total obscura- 
tion of the Sun seems to occur suddenly, the Moon 
covering the last sickle of sunlight, apparently at a leap. 
Irradiatiotl is no doubt in question. The sickle of 
light, even when lin reality it is indefinitely fine, 
appears, th/or^h the effects of irradiation, to have a 
definite breadth ; so that the Moon seems to traxerse 
a dei^nite distance in obliterating what is in truth 
the finest possible curve of light. But beyond this 
there is a circumstance which cannot but give an 
appearance of somewhat agile motion to the eclipsing 
disc of the Moon. Up to the very moment when 
totality is about to begin, the air between the ob- 
server and the Moon is illuminated by direct sunlight. 
This is easily seen by a consideration of fig. 79, in 

^ / A digit signifies the twelfth part of the solar diameter. The term 
is nearly obsolete. 
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'vliuih ABCD represents the portion of the Moon’s 
>^luuh)w in the atmosphere, E the place of an observer 
■tow ar ds whom this shadow is swiftly advancing. Then, 
>iiitil the shadow actually reaches E (at which moment 
totality begins) a line drawn from E to E will pass to 
th<‘ left of the line a d as in the direction E d/; 
•''O that, since the line A E m is necessarily directed 
towai'ds the Moon’s limb, the directly illuminated air 
t hounded, of course, by ae) extends between the 
<il (server and the Moon. Hence, the Moon’s disc 
seems lighted up by this atmospheric glare until the 

Pig. 79. 


1 llustruting tho condition of tlie Earth’s atmosphere a few minutes 
hoforo totality in a solar eclipse. 

moment when totality begins ; and as the enrtain 
<>i’ g;Iarc is drawn suddenly away towards the^ edge 
\vlun*e the last sickle of the Sun’s direct light is vanish- 
a.ll the circumstances tend to give an appearance 
(d* agile motion in that direction. 

As respects the rotatory motion which seemed toac- 
(•oni]>any this leap forward on the Moon’s part, we can 
MAj well understand it as referring to the comple- 
tum of the corona, which must needs take place by a 
swecjping round of the bounding rays to close in upon 
othej’ opposite the point where the last part of the 




Sun’s disc disappears. It will be well to notice, 
however, as we proceed, whether we have convincing 
evidence of an apparent motion of the coronal beaiiis 
after totality has begun. The evidence on this point 
cannot but have an important bearing on the views wc 
are to form respecting the corona. 

Dr. Wyberd saw a corona of very limited extent — ■ 
indeed only half a digit wide — corresponding to a height 
not half so great as that of many prominences which 
have been observed during recent eclipses. 

Our next observation refers, however, to a much 
more favourable view of the corona. 

In May 1706 Plantade and Capies saw a bright 
ring of white light surrounding the eclipsed Sun, and 
extending to a distance equal to about one-tenth part 
of the Moon’s apparent diameter. Outside this bright 
ring a fainffcer light could be recognised, which extended 
no less than four degrees from the eclipsed Sun, fading 
off insensihjy,^until its light was lost in the obscure 
background of the sky. 

In ^1724 Maraldi noted a circumstance of some 
importance. At the beginning of the total eclipse 
which was observed in France in that year he per- 
ceived that the corona was wider on the side towards 
which the Moon was advancing than on the opposite 
side. At the close of totality the widest part of the 
corona was on the opposite side. As this would exactly 
correspond to what would be observed if the corona 
lies beyond the Moon, and so is traversed by the Moon 
precisely as the Sun himself is, it will be wel}, for us to 
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notice as we proceed whether Maraldi’s observation 
has been confirmed or disproved, or how the evidence 
stands with respect to it. 

In 1733 a total eclipse occurred in Sweden, which 
was observed in a manner reflecting ^reat credit on 
the astronomers of that country. The Eoyal Society 
of Sweden invited all who could spare the time to 
assist, as far as their ability permitted, in recording the 
phenomena presented during total obscuration. Ac- 
cordingly there are few eclipses — perhaps there is not 
one — to the phenomena of which so many independent 
witnesses give testimony. "At Gather inesholm the 
pastor of Forshem noticed that a ring of light which 
appeared round the disc of the Moon was of a reddish 
colour — an observation confirmed by Vallerius, another 
])astor, who noticed, however, that at a considerable 
distance from the Sun the ring appeared of % greenish 
Imc. The pastor of Smoland states that during the 
total obscuration the edge of the Moon’s,disc resembled 
gilded braSvS, and that the faint ring around it emitted 
rays in an upward as well as in a downward direction, 
similar to those seen beneath the Sun when a shower 
of rain is impending.” The mathematical lecturer in 
the Academy of Charlesstadt, M. Edstrom, observed 
these rays with special attention, and remarks, respect- 
ing them, that they plainly maintained the same posi- 
tion, until they vanished along with the ring upon the 
j»( 3 appcarancc of the Sun.” On the other hand, the 
ring, as seen at Lincopia, seemed to have no rays. 
Professor Grant remarks that "" from the descriptions 
" given by several observers, it would seem that at the 
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commencement of the total obscuration the ring ap- 
peared brighter and broader at the part of the Moon’s 
limb where the Sun had disappeared, but that towards 
the close of the obscuration it was more conspicuous in 
both these respects at the part where the Sun was 
about to emerge.” ’ 

It is observable, therefore, of this well-watched 
eclipse that it confirms Maraldi’s observation, while 
the variety of appearance presented by the corona at 
different stations would poipt to the conclusion that if 
the corona is not a phenomenon of our own atmosphere, 
its light must for the most part be of a very delicate 
nature, insomuch that seemingly unimportant differ- 
ences in the circumstances under which it is viewed 
suffice to modify its aspect to a very noteworthy extent. 
We shall see presently that during recent eclipses 
similar eii?'idence has been afforded of the extreme 
faintness of a large portion of the coronal light. 

During the eclipse of 1766 the corona exhibited 
four remarkable expansions, separated from each other 
by nearly equal intervals. 

In the account given by Don Antonio d’Ulloa 
of the appearance presented by the total eclipse of 
1778, we again find a reference to the appearance of 
rotatory motion in the corona. ^ Five or six seconds 
after the commencement of the total obscuration,’ he 
writes, ^ a brilliant luminous circle was seen surround- 
ino; the Moon, which became vivid as the centre of 

(T 

* Prom an article in the Comhill for October 1870 (by the present 
'Waiter). 
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tliat body continued to approach the centre of the Sun. 
About the middle of the eclipse its breadth was equal 
to one-sixth of the Moon’s diameter. There appeared 
issuing from it a great number of rays of unequal 
length, which could be discerned to a distance equal 
to the lunar diameter. It seemed to be endued with 
a rapid rotatory motion, which caused it to resemble a 
firework turning around its centre. The colour of 
the light Avas not uniform throughout the whole breadth 
of the ring. Towards the margin of the lunar disc it 
. appeared of a reddish hue ; then it changed to a pale 
yellow, and from the middle to the outer border the 
yelloAv gradually became fainter, until at length it 
seemed almost quite white.’ 

The next eclipse during which new features of im- 
portance were noticed, was that of 1842. We have* 
seen how carefully the prominences were e^bserved 
during that eclipse, and how many eminent astronomers 
were engaged in noting the phenomena presented 
during the total obscuration of the Sun. The corona 
was also carefully studied. Indeed, one is inclined 
almost to regard it as a misfortune, that the same 
astronomers who tell us about the appearance of the 
prominences, are those from whom we derive our in- 
formation respecting the corona. One cannot but feel 
that the accurate observation of both phenomena was 
more than could be expected even from ‘the most 
skilful astronomers, and that a division of labour might 
have been advisable. 

The apparent motion of the corona was noticed by 

r Y 
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several observers. Some of those stationed, at Mont- 
pellier thought that the corona had a rotatory motion. 
Francis Baily compared the appearance of the corona 
to the flickering light of a gas illumination. Otto 
Struve, also, vras much struck by the violent agitation 
to which, as it seemed to him, the light of the ring was 
subjected. The apparent extent of the corona as seen 
by diflPerent observers varied in a somewhat surprising 
manner. Otto Struve, observing at Lipesk, found 
the breadth of the corona equal to the Moon’s apparent 
diameter ; while M. Petit, observing at Montpellier, 
assigned to the corona a breadth scarcely exceeding 
one-fourth of this amount. Baily’s estimate lay be- 
tween these values. Nor were the observers in agree- 
ment as to the general appearance of the corona. 
"Otto Struve observed several luminous expansions, 
some 06 them extending fully four degrees Irom the 
Moon’s limb. Signor Picozzi, observing at Milan, 
saw two jets of light occupying a position w'hich 
corresponded very nearly with that of the ecliptic. 
Several observers in France noticed a similar peculi- 
arity. Minor rays, also, were distinctly recognised 
by Mauvais at Perpignan, and by Baily at Pavia. 
The last-named astronomer remarks, indeed, that the 
diverging rays were sufficiently marked to deprive the 
corona of the appearance of a ring. But Mr. Airy, 
observing the corona from the Superga, could scarcely 
recognise any radiation whatever; and he remarks, 
that ^although a slight radiation might have been 
‘perceptible, it was not sufficiently intense to affect in 
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a sensible degree the annular structure by which, the 
luminous appearance was plainly distinguished.’ 

If we consider the accounts which the observers 
give of the brilliancy of the corona, we shall find that 
these peculiax'ities are in accordance with the theory 
that atmospheric conditions were alone in question. 
At the Superga the brightness of the corona seemed 
no greater than that of the Moon ; but at Pavia, 
where Bailywas stationed, the splendour of the corona 
was much greater. ^ I had imaginec^’ this observer 
writes, ^ that the corona, as to its brilliant or luminous 
appearance, would not be greater than that faint cre- 
puscular light which sometimes takes place in a summer 
evening, and that it would encircle the Moon like a ring. 

I was therefore somewhat surprised and astonished at 
the splendid scene which now so suddenly burst upon 
my view.’ We have seen that at Lipesk tl^e corona 
seemed to extend much farther from the Sun than 
elsewhere, and accordingly we find that its Ijrilliancy was 
also far greater. The light was so bright, Struve writes, 
that the naked eye could scarcely cndin-e it. ]\(Jany 
could not believe, indeed, that the eclipse was total, so 
strongly did the corona’s light resemble direct sunlight. 

But perhaps the most interesting and important 
observations made in 1842 arc those which refer to 
the structure of the coronal light. It was noticed at 
Montpellier that the light of the corona was not uni- 
form, nor merely marked with radiations, but that, in 
places, interlacing lines of light could be seen. Arago, 
at Perpignan, recognised this peculiarity with thS 
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naked eye. He saw^ ^ a little to the left of a diameter 
passing through the highest point of the Moon s limb, 
a luminous spot composed of jets entwined in each 
other, and in appearance resembling a hank of tlnead 
in disorder.’ 

The accompanying picture (fig. 80) represents the 


Vm. 80. 



The Eclipse of 1842. 


general phenomena seen during the eclipse of 1842 ; 
hut it must be remembered, that such illustrations 
cannot be regarded as accurately representing details, 
because they are usually drawn after the eclipse is over, 
and represent merely what the observer remembers. 
Until the whole duration of a total eclipse is devoted by 
a skilful observer and draughtsman to the delineation 
ofrthe corona, we cannot expect to have really trust- 
worthy views. 
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During the eclipse of 1851 no observations were 
made which tended to throw new light on the nature of 
the corona. It is worthy of notice, however, that the 
Astronomer Royal found the aspect of the corona 
<Uiierent from what he had noticed in 1842. ^ The 

<‘crona,’ he says, ‘'was far broader than that which I 
saw in 1842. Roughly speaking, the breadth was little 
less than the Moon’s diameter, but its outline was very 
irregular. I did not notice any beams projecting from 
it which deserved notice as much more conspicuous 
than the others ; but the whole was beamy, radiated in 
structure, and terminated — though very indefinitely — 
ill a way which reminded me of the ornament frequently 
placed round a mariner’s compass. Its colour was 
white, or resembling that of Venus. I saw no flicker- 
ing or unsteadiness of light. It was not separated 
f Vom the Moon by any interval, nor had it any annular 
structure. It looked like a radiated luminous cloud 
behind the Moon.’ 

These observations, combined with what had been 
before noticed, seem to demonstrate that the aspect 

m 

of the corona is variable according to the circumstances 
xinder which it is viewed. It does not seem to be 
established that the rotatory and flickering motions 
Huspccted by other observers were only optical illusions, 
though the observation of the steadiness of the corona 
by such an observer as the Astronomer Eoyal.goes far 
to negative observations of motion by less experienced 
astronomers. In the case of a phenomenon like the 
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corona, it is easier to imagine movement in the ring of 
light than to become convinced of its fixedness. 

The eclipse of 1858^ visible in Brazil, is chiefly re- 
markable on account of the strange drawing made by 
the French astronomer Liais (fig. 81 ). Unfortunately 
we have no observations confirming the accuracy of 
this singular picture. 

The eclipse of 1860 is remarkable as the first in 


Fig. 81. 



Tlie Eclipse of 1858. {Liais,) 


■which the powers of photography were employed to aid 
in the resolution of the problems presented by the 
corona. It will be seen, on a reference to figs. 66 and 
67, that Mr. De La Rue succeeded in obtaining traces 
of the corona. Those seen in Father Secchi’s photo- 
graphs are somewhat more distinct, the method he 
employed giving a smaller and more fully illuminated 
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un a ge. In a third of F r. Secchi’s photographs (fig. 82) 
the corona is yet more distinctly shoAvn. 

The extension of the eoi'ona in fig. 82 is regarded by 
Secchi as corresponding to the solar equator, whose 
pf)sition is very nearly indicated by the cross-wire 


Fro. 82. 



Tho Kclipno of 1 800. From ii Photograph by Secchi. 


Bhown in the figure. ^ La couromie,’ he says, ^ est 
t..rcs-irregiiliere, mais on pent reniarcjuer cjuelle pie- 
Bcnte line 6tencUie phis considerable a droite et a 
gauche que (laps les autres directions, c’est-a-dlre 
qu’cillc est plus developpcc dans le plan de leqiiateui 
» (Kolairo) que suivant la ligne des poles.’ But, as Fr. 

Secchi hiinsclf points out further on, the figure indicates 
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rather an extension opposite four points lying between 
the equator and poles, than an extension at the equator. 
In fact, fig. 82 presents a very striking rescinblance 
to Mr. Whipple’s' picture further on (fig. 85). It is 
worthy of notice, too, that not only does the outline of 
the corona present this quadrilateral aspect, l)ut in the 
bright parts close to the Moon’s limb there are four 
corresponding regions of greatest brilliancy. In the 
second of Mr. De La Hue’s photographs the brightest 
portions seem similarly disposed.^ 

Some of the direct observations made in 1860 
serve also to throw important light on the nature of 
the corona. To the Astronomer Hoyal the coi’ona 
presented much the same aspect as in 1851. Bruhns 
of Leipsic states that when the last rays of the Sun 
disappeared, the corona shone out with a white lidit, 
of such ^brilliancy that the protuberances were almost 


* One cannot wlioUy agree with Father Secchi’s remark, that Mr, 
De La Hue’s ^)ho|pgraphs afford no evidence of the peculiar quadrilaU'ral 
expansion of the corona corresponding to the position of the^ono of 
spots. It is true, however, that when Fr. Secchi ‘ published his results, 
astroRomers did not conceal their doubts.’ If the expansion of tlio 
corona in four directions be regarded as an ordinary phenomenon (and 
we have seen how often it has been noticed), some very perplexing 
questions would be presented as to the cause of the peculiarity. A 
rectan^lar figiire, like that shown in fig. 82, would correspond to a 
cylindrical real figure ; hut it would also correspond to other figiircs of 
three dimensions. It is indeed possible that there may bo no corona at 
all opposite the solar poles, the light we see tliero being merely a fore- 
shortened view (on this supposition) of the great extension over the spot 
belts. In this case the true figime of the corona would resemble that 
due to the rotation of two hyperbolas having the same axes, around one 
of these axes 
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obliterated. He adds, ^ the black-looking Moon was 
i^urrouiided by a clear light of nnecLnal breadth. It 
'vvas considerably wider below^ than above, varying from 
nearly one-half to a quarter of a degree, and its gene- 
ai)pearance gave me the idea that the Moon was ec- 
ciUitrically placed within it. Its general outline was 
<dr<Milar, but on the eastern side a long ray shone out 
to a distance of about a degree (that is, tAvice the Moon’s 
apparent diameter) ; it was of a tapering figure. Dining 
tlu^. ten seconds that my attention was directed to it, 
neither the direction nor the length of the ray varied; 
its light was considerably feebler than that of the 
('croiia, Avhich was of a glowing white, and seemed to 
coruscate or twinkle. My assistant, M. Auerbach, 
noticed, in the south-western part of the corona, a 
curved ray about a tenth of a degree in length.’ Father 
Secchi found that the corona could be seen^Avith the 
naked eye for about forty seconds after the reappear- 
an('.e of the Sun, ‘ the solar light shining like an electric 
liunp projecting tremulous shadows.’ Mr. lie La Eue 
states that ^ several minutes before totality the whole 
(Huitour of the Moon could be distinctly seen: when 
totality had commenced, the Moon’s disc appeared of a 
deep brown in the centre of th6 corona, Avhich Avas 
extremely bright near the Moon’s limb, and ‘appeared 
of* a silvery wliitc, softening off with a very irregular 
<mtline, atid sending forth some long streams. It ex- 
tended generally to about from seven to eight tenths of 
the Moon’s diameter.’ This description correspofids 
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very satisfactorily with the appearance represented in 
the accompanying picture (fig. 83) by Feilitsch. 

Daring the eclipse of April 1865 it was noticed that 
the corona continued visible for thirty-six seconds after 
the appearance of the first rays of direct sunlight. 

The eclipse of March 1867 was only annular, yet it 
presented a feature well worth careful consideration. 


Fia. 83. 



^ The Corona during the Eclipse of 1860. {Feiliisch.) 

and that at a station considerably removed from the 
line of central eclipse. 0. Struve and Wagner, using 
the great equatorial of the Pulkowa observatory, 
noticed that when the eclipse reached its greatest 
phase, the outline of that part of the Moon’s disc, 
which was outside the Sun’s, could he distinctly seen. 
Schwabe, who observed the same phenomenon at 
Dessau, noticed that this part of the Moon’s disc was 
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rendered yisible by its superior blackness ; a circum- 
stance wliicb proves that the light of the corona must be 
(considerably stronger than the illuminated atmosphere 
near the Moon’s place,* even when a portion of the 
Sun’s direct light is falling upon the air there. 

The total eclipse of August 1867 attracted very 
much less attention than those which occurred during 
the same month of the two following years. Yet the 
observations made by Herr Grosch, of the Santiago 
observatory, Chili, in conjunction wdth Vice-Director 
V ergaza and Lieut. Vidal, are full of significance in 
connection with the main object of this chapter, 
W'hich is the determination of the true theory of the 
corona. At the moment w^hen totality began, ^ there 
appeared,’ says Herr Grosch,t ^around the Moon a 
reddish glimmering light, similar to that of the aurora? 
and almost simultaneously with this (I mean very 
shortly after it) the corona. This reddish glimmer, 
which surrounded the Moon with a border of the 
bre^adth of at most five minutes, was not sharply 
l)oiinded in any part, but was extremely dififused, 
atid less distinct in the neighbourhood of the poles. 
I can decidedly confirm this at least as regards the 
Sun’s north point, but not so much so of the south 
point, as that part was less observed by me, but was 
more particularly attended to by Lieutenant Vidal, 

^ By the atmosphere near the Moon’s place, I mean that part of the 
atmosphere which lies nearly in the same direction as the Moon. Of 
conrso it is, in reality, very far removed from the Moon’s true place. • 

t 1 quote (from the l^tudent for March 1869) Mr. Lynn’s translation 
of llorr Grosch/s narrative. 
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who could not afterwards give any more positive 
information concerning this phenomenon. ... To speak 
now of the corona : — its extent was considerably 
longer in the direction of the Sun’s equator; and in 
considering its nature, we must, I believe, look upon 
it as decidedly unconnected with him.’^ Whereas, in 
the direction of its poles, its apparent height exceeded 
that of the Moon by only a third of her diameter ; 
in the direction at right angles to this, its extent 
amounted to four-fifths of that diameter. Its light was 
white, brighter on the Moon’s limb, and becoming 
gradually fainter on the other side. This white light 
teas not in the least radiated itself ^ but it had the 
appearance of rays penetrating through it ; or rather 
as if rays ran over it, especially in the direction of east 
and west, forming symmetrical pencils diverging out- 
wards ajid passing far beyond the boundary of the 
white light. These rays had a more bluish appearance, 
and might best be compared to those produced by a 
great electro-magnetic light Their similarity to these 
indeed was so striking that under other circumstances 
I should have taken them for such, shining at a great 
distance. The view of the corona here described is 
that seen with the naked eye. I employed but a very 
short time upon it, only as much, in fact, as was 
necessary to obtain a mere momentary view of the 
general appearance of the totality. And now, in 

* Herr Groscli obviously does not mean that the eorona is not, in his 
ophiion, a solar appendage, but that there is no continuous connection 
between the Sun and the corona ; that it is not, in fact, of the nature of 
% solar atmosphere. 
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conclusiona I would just mention another phenomenon, 
which seemed to me too important to pass unnoticed. 
It showed itself exactly at the north point of the Sun. 
In the white light of the corona, close upon the 
Moon’s limb, there appeared several dark curves. 
They were symmetrically arched towards the east and 
west, sharply drawn, and resembling in tint lines drawn 
with a lead pencil upon white paper. They gave the 
impression as if they proceeded from one point, which 
point was on the other side of the Moon ; not, however, 
on the limb, but somewhat nearer the centre of the 
Sim. Beginning at the distance of one minute, they 
could be traced up to about nine minutes from the 
Moon’s limb. ■ Throughout the duration of the eclipse 
thei/ underwent no alteration whatever, remaining con- 
stant both in form and colour until the disappearance? 
of the corona. Lieutenant Vidal (agreeing with 
Signor Vergaza) speaks of a similar appearance, ex- 
actly at the south point, in the form of a fan^ or sheaf- 
formed tuft of light ; but he says nothing of character- 
istic dark curves, such as I saw at the north point. 
There is, however, no cause to doubt the accuracy of 
the observed facts. These dark curves indicate a 
strong magnetic polar force of the Sun, so that an 
appearance of the kind in question might be seen at 
the south as well as at the north point ; but perhaps 
being less developed at the former than at the latter, 
it was less perceptible.’ 

It is impossible to read this account without feeling 
how much might be learned from a systematic survey 
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of the corona during any considerable total eclipse. 
Here were three observers only, who each gave to the 


Fig. 84. 
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^ The Corona during the total Eclipse of August 1868, as soon at 
jyCantawalolc-Kekee. 
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corona but a fugitive attention^ and yet their accounts 
agree in pointing to th^. existence of appearances which 
merited a thorough study during the whole continuance 
of totality, and that not by two or three observers only, 
but by ten or twelve at least, each appointed to the 
investigation of some . special feature. 

The study of the corona was one of the subjects to 
which the attention of the observers sent out to view 
the great eclipse of August 1868 was specially directed. 
More seems to have been hoped from the application of 
spectroscopic and polariscopic analysis than from direct 
observation; and, accordingly, the best accounts we 
have of the general aspect of the corona are those 
derived from observers not belonging to the expe- 
ditionary parties. We owe to the professors of the 
college of Manilla, who observed the eclipse 
Mantawalok, the accompanying very reiparkable 
drawing of the corona. It is important to notice that, 
unlike most pictures of the corona, this one can be 
trusted. Owing to the want of success which had 
attended all attempts to photograph the corona, the 
professors were led to think of an ingenious plan for 
obtaining exact drawings. They prepared beforehand 
several sheets of paper, which were introduced one 
after another into a dark chamber, so that the image oI‘ 
the eclipsed Sun fell upon them, and the features of 
the corona were rapidly sketched out on each. The 
corona is described as of a somewhat triangular aspect; 
yet it is to be noticed that there arc four rays of tSie 
longer sort, so that the corona in this case, as in sev 
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many others, exhibits a general approach to the trape- 
zoidal figure. The slightly curved streak of white 
light crossing the longest of the coronal beams is a 
very remarkable feature. This streak is described as of 
an Intensely white and uniform light. It appeared (or 
was at least first noticed) some two minutes after the 
beginning of the totality, and remained visible until 
the Sun began to reappear. 

The polariscopic observations made during this 
eclipse on the light of the corona were not successful. 
The observers agreed, indeed, that the light of the 
corona was polarised in a plane through the Sun’s 
centre ; a circumstance which, if confirmed, would go 
far to prove that the corona shines by reflecting the Sun’s 
light I but the A.stronomer Hoyal, who has carbfully 
Examined their accounts, considers that no dependence 
can be placed on their conclusions. I may as well add 
that, during the eclipse of 1869, the American observers 
obtained a different result, and that, in the opinion of 
those best competent to judge, the question of the 
polarisation of the corona’s light in a plane tfirough 
the Sun’s centre remains still in abeyance. 

Lieutenant Tennant examined the light of the 
corona with the same spectroscope which, as we saw 
in the last chapter, has given information of such in- 
terest respecting the coloured prominences. He saw 
a faint continuous spectrum. ^ Thinking that want of 
light prevented my seeing the bright lines which I had 
fully expected to see on the lower strata of the corona, 

I opened the jaws of the slit.’ He still failed to 
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recognise any signs of bright lines. ^What I saw' 
he writes (the italics are his) ^ was undoubtedly a con- 
tinuous syectrum^ and I sato no lines. There may 
have been dark lines, of course, but with so faint a 
spectrum, and the jaws of the slit wide apart, they 
might escape notice.’^ 

Before discussing this result, I proceed to mention 
other evidence bearing on the same point. 

Daring the eclipse of August, 1869, several of the 
American observers renewed the attempt to determine 
the exact nature of the corona-spectrum. Their re- 
sults were not accordant. Professor Pickering obtained 
a faint continuous spectrum crossed by three bright 
lines. ^ Professor Harkness recognised only one bright 
line on a continuous background. After observing* 
the spectrum of the prominences, he asked Professor^ 
Eastman, who was directing the telescope, to bring the 
corona into the field. A bright part of the corona was 
thus brought under examination, but no spectrum ap- 
peared. ^ I asked him to try another place. Still 
nothing was visible ; and, raising my head from the in- 
strument for the first time since the commencement of 
the totality, I remarked, Can’t see any spectrum; don’t 
believe we will get any.” Oh! yes, we will,” said he. 

* It is strange that, notwithstanding the very plain account given by 
Liout.-Col. Tennant, it should continue to he asserted that, according to 
his observations, the corona gavo a solar spectrum ; that is, a spectrum 
crossed by the Praunhofor lines. The American observers were so 
misled by this assertion as to search specially for the dark linos which 
Colonel Tennant was supposed to have soon. The obvious meaning *of 
his narrative is, that ho saw a continuous spectrum, without either dark 
lines or bright Ijjnos. 


2; 
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At that instant it struck me that perhaps the slit was 
too narrow ; so I opened it a little, and then again 
placed my eye at the instrument. In the meantime 
Eastman had put the needle at a very bright part of 
the corona, and I at once saw a continuous spectrum, 
about as bright as that given by the full Moon on a 
clear night. Remembering that the observers in India, 
in August 1868, had said that the corona gives a con- 
tinuous spectrum laith absorption lines ’ (a mistaken 
idea, as mentioned in the last note), ^ I looked very 
carefully for them ; but, to my great surprise, I could 
see none, and I am perfectly satisfied that none were 
visible in my instrument. On the contrary, I saw an 
absolutely continuous spectrum crossed by a single 
bright line, whose position was recorded.’ This line 
was in the green, and, if actually in the place assigned 
by Hai^ness, would correspond to a line belonging to 
the spectrum of copper. But as he makes the line co- 
incident ^wi'jh one ofthe prominence-lines, it seems cer- 
tain that it can be no other than a line of iron, close 
by^the e lines, which has been seen by several ob- 
servers in the spectrum of the prominences."* Professor 

* This iron line appears also as a bright line in the spectrum of the 
aurora, according to the best observations hithejto made. As I write, 
I receive from Mr. Browning an account of his observations on the 
aurora of October 25, with one of his miniature spectroscopes. He saw 
a bright line near e, and another not far from b. Mr. Birmingham of 
Tuam, with a similar instrument, saw the usual bright line in the green, 
one not far from it to the left, very faint, and one of medium brightness 
near f. Professor Wenlock notes four lines in the yellow-green part of 
the spectrum, and one somewhat more refrangible than the f line. All 
these accounts are reconcilable when we remember the extreme faintness 
of the auroral light, and the fact that no exact determination by the 
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Young paid particular attention to the spectroscopic 
observation of the corona. He also had been misled 
by erroneous accounts respecting the Indian observa- 
tions, and so expected to see a faint solar spectrum. He 
found, on the contrary, that the light of the corona gave 
a spectrum of bright lines. He saw three such Hues, 
and he considers it certain, from their close agreement 
with those shown in Professor Winlock’s picture of 
the auroia-spectium, ^ that the corona is simply an 
electric discharge, no doubt varying with great rapidity, 
as we see in the case of the aurora ; in fact, that the 
corona is a permanent solar aurora.’ 

Now, although these aecounts seem at first sight dis- 
cordant, it appears to me that they can be brought 
into agreement, not only with each other, but mth, 
Lieutenant-Colonel Tennant’s, by a consideration of 
the circumstances under which they were .severally 
made. Tennant, seeing only a continuous spectrum, 
opened the slit somewhat widely : ‘ the jaws of the slit 
were wide apart,’ he says ; too wide, I imagine, to show 
the bright lines. For, from what is shown at p. 144, it 
will be seen, that the brightness of the coronal bands 

iru'thod of coincidonccs has ever yet been attempted. I had written 
i urthor to the effect that, ‘ even when the axiroral^light is only riidd)^ to 
the eye, no red lines are seen, ho that we may conclude that the excess of 
ri’d is duo to a peculiarity in the light of mixed refrangibility forming the 
continuous spectrum/ when I learned that, on the evening of October 24, 
Mr. J. R. Capron, with one of Browning’s small direct-vision spectro- 
scopes (adapted to star observation), had succeeded in observing a linia 
in the rod, ‘ very much like the lithium lino, but rather more dusky. It 
was only well seen in the rosy patches of the aurora, but could be 
faintly traced wherever the rose- tint at all extended.’ • 
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or lines could not be increased in this way, though 
their breadth, and so the total amount of light from them, 
would he increased in precisely the same proportion as 
the opening of the slit. But the brightness of the con- 
tinuous background would be inci'eased in this same 
proportion. Hence the bright lines which Xennant 
could not see, on account of their fineness, were changed 
by opening the slit into broad bands of no greater 
brightness, and rendered invisible by reason of the 
increased brightness of the background. An interme- 
diate amount of opening would in all probability have 
shown the lines. Now w^e see that Professor Ilarkness 
failed even to see a continuous spectrum when he 
used a narrow slit ; and the fineness of the lines (not 
.nearly so brilliant as the prominence-lines) caused 
them to escape his notice precisely as had happened 
with Tenwaant. But when he opened the slit ^ a little/ 
he saw the continuous spectrum and one bright line. 
Had he opened it somewhat more, he would not have 
seen that*brfght line, but would have failed as Tennant 
had, and for the same reason, tiad he opened it a 
littfe less, he would probably have seen the continuous 
spectrum and the three bright lines, as Professor 
Pickering did. With a somewhat smaller opening 
the continuous spectrum would disappear through ex- 
cessive faintness ; but the three bright lines seen by 
Professor Young would be even more distinctly visible. 
We see in fact that Professor Young, who succeeded 
readily in seeing three bright lines, failed to recognise 
the continuous spectrum. 
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It may be said that this is hypothetical ; and so in 
a scns(t it is. What an observer would have seen 
under (‘crtiiiu (‘ireumstances different from those which 
uidually ocaiurrcd must necessarily be hypothetical. 
But as to th{‘ matter of fact on which this hypothetical 
interprt‘tation oi'ihe different results is founded, there 
can be very litih‘., question. Professor Young and 
Pit‘kering saw iJirce bright lines, Professor Plarkness 
saw one studi line, and Teitnant, Pickering, and Hark- 
n<‘HH S(an a <'ontinuous s])C(itrum; while the conditions 
under whitdi tlu^se different results were obtained are 
known. My interpretation accounts simply and natu- 
rally for all the observed spectra. I make the whole 
(juestion one of slit-opening. 

With sufticiimt dispersive power* we get, as might 
be exploded With a very narrow slit, three bright 
lines (ho fine as to ho oidy recognisable on a close 
serutiny, suidi us that given by Professor Ymng), and 
tlie ciuit imams inuhground too faint for recognition. 
With a slit not (piitc so narrow, we get a faint con- 
tinuous spectrum aiul three lines, still so fine as to 
re<iuire very careful scwuiiny for recognition. With a 
somewhat wider slit, we get a brighter continuous 
hathgroimd on wlfudi the briglitest of the three lines 
alone is visible. Ami lastly, with the jaws of the slit 
wide ajiart, we have a yet brighter continuous spec- 
trum, imd no visible bright bands. All this is precisely 
in accordance with what the theory of the spectroscope 

• 

* With inwuffii'iwit diKpurdivc. power we have a coiitimious spectrum 
without hrighl lines, whether the slit he widely opened or not. 
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requires, and it accords perfectly well with all t>lu‘ 
observed facts, save one, — tlie failure, on the paits oi 
Harkness and Tennant, to detect the faint blight 
lines of the corona, when these must have been >ei y 
fine, owing to the narrowness of the slit, lh.it this ill 
surprise no one familiar with the very varying ])owcrs 
of observers, as respects the recognition of faint objects, 
or small objects, or objects whicli arc both faint and 
small. 

It is, however, always possible, or rather it is highly 
probable, that clifFcrent parts of the corona may give 
different spectra."* The ascertained facets arc these— - 
that some parts of the corona do undoubtedly give a 
spectrum consisting in part of three bright lines ; that 
these lines agree in position with bright lines Ixdonging 
Jo the spectrum of the terrestrial aurora; and that, so 
far as observation has yet gone, the spectrum of the 
corona co»tains no dark lines. 

The direct observations of the (corona as seen 
during the American eclipse were numerous and 
important. Mr. W. S. Gilman, jun., from whosc^ 
coloured drawing of the eclipsed Sun Plate VI L is 
taken, wTites thus respecting the appearance of‘ ihv. 
corona: — ^ The general outline of the corona was a tra- 

JThis would accord well witli wliat h otsorvol of the Hp(H*trum of'tlio 
aurora borealis. In tho commiinieation already rofisrrod to (inote, p. 
in which Mr. Birmingham describes his obsorvatlon of three l>right lincK 
» in the spectrum of the aurora, he says tli(‘. ‘intcuHO red of broad 
areas of light,’ that ‘ there was Ikto no lino what, ever to be detected.* And 
aggin he adds, ‘the white light soon in some, parts of tho sky gave only 
the one principal line in the green.’ We luivo seen also that the ml Hun 
of the auroral spectrum is not commiouly visible. 
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l)Oziiini, ^vitli the ^vidost side to the south-east. There 
wore also lesser jjrojoetions on the iour sides, as well as 
several small iiideiitatloiis. The longest masses oflight 
eoimdded veiy nearly with the north and east points, 
tlK‘ middle ol* totality. Mr. Earreli also noticed the 
sam(‘ jx'euliarity. The corona was composed of an 
ndiniliide ol line violet, mauvc-colourcd, white, and 
yidlowisli white rays, issiiini)' iVoin hchiiid the Moon. 

1 d(‘l(‘el(‘d no clouds in it. The exterior edge was very 
j:ig'g(Ml in ap|)(‘arance, hut did not possess a harsh oiit- 
liiKC liaviiioy on the contrary, a soft hlurred look. This 
ivas (piite contrary to iny expectations, as, from all the 
drawings eidipscs I liad ever seen, .1 Avais led to expect 
a, Avell defined and truly eirciilar halo of light, extend- 
ing to an eipial distance on all sides. Mr. Tarrell de- 
scribed ( he a ppi'arance of the corona verbally as follow*: 

It w'lis a sil \ ('.ry-gi-ey crown of light, and looked as 
if it was llic' product of eoiintless fine jeti8 of steam 
issuing IVom Ixdilnd a. da,rk glohe. Near the Moon's 
disc, th(‘ light- seinned almost, phosphori'sceiit." 

'#Tli(' small amoimt. of light givmi hy the coi'ona,’ he 
adds, ‘ is indicated by tin; nanarh tlnit., during totality, 
tin* s(M*on(ls on our wateli-la.ccs could not he reail with- 
out, tiu! assisiauc.c ol’tlie hiin])S jdaced in the windows 
of tlndioiisc to aid us at' this jnnct.urc. The tiim^eould 
with <liHi(*iilty he tol<l hy t, he larger hands."’ 

hrofessor Simon Ninvcomhe iinikes the Ibllowing 
laanarks; ‘ Looking (lir(M.‘tly^ at ilu‘ (a>rona, there was no 
actual a]>|)cara-ne(‘ of strlatioii, hut it seemed to be of 
a- Jagged outline I'-xUmding out into four sliarp tioinls, 
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nearly in the horizontal and vertical dircclion; while* 
midway between these points tlie serrated edge* iiarelly 
seemed to extend beyond the body of the Moon, d'lu* 
greatest distance to which the cxtreine ])()in(s s(‘oin(*d 
to extend did not exceed a seniidiaineten* of the* Moon, 
and there was nothing like long rays of light (‘xt(‘nding 
out in any direction wliatevcr, Wluni I tn riir(i iin 
head the points did not seem to tiiiMi with it. Still I 
experienced a singular difficulty in judging a<‘ciir:ilclv 
either of the nuinher or direction of tlic jagged points, 
or of the extent to which tliey might he optical illu- 
sions, produced by the differences in the height and 
brilliancy of different parts of tlie corona,.’ ' 

‘ Seen through green glass, tlic corona consisted 
simply of four or five prominences, extending around 
ffie Moon, smooth in their outline, shading oil' l.y im- 
perceptible gradations, and rising to different heights, 
the greatest height not exceeding four or five minutes.' 

Let us next consider Professor hhistman’s iieeouiit 
of the cor(jna„ ‘I was considerably (lisapj)ointe(!,’ he 
says, ‘with the appearance of the colour audhrilliiTncw 
as well as with the extreme contourof the corona. Most 
observers have described the colour a.s ‘jnrro’ or (dear 
white, and the light as very brilliant, while uearly all 
theyihblishecl sketches rejiresent the contour as mairly 
circular and regular, and tlie coronal ray.s as radial , 
- and equally distributed about the body of the Sun. 
The colour of the corona, as I observed it, boti. with the 
tePescope and without, was a silvery wliitc, slightlv 
mollified in the outer portions by an extremely faint 
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tinge of greenish violet ; and I could not detect tlie 
least change in the colour, or in the position of the rays 
during totality. The liglit of the corona was not 
brilliant — perhaps from the eflec-t of haze — but ap- 
peared more like the })alc light from the train of a 
meteor than anything else that I could recall at the 
time. Tlie corona seemed to he composed of two 
portions, both visible to the naked eye ; in which, with 
the small instrument which 1 used, I was unable to 
trace any similarity of structure. Tlfc portioti nearest 
the sun was about one minute high, forming nearly a 
continuous band about the Sun, and appeared to be a 
mass of T>ebulous light, resembling in structure the 
most brilliant irresolvable portions of the Milky Way. 

Its colour was silvery white, and, like Its density, a.p- 
])eared the same throughout its whole extent. Tlfti 
outer ])ortion consisted of rays of light arrangx^d in 
two dilferent ways. In five phu'cs tlu‘y wete arranged 
into grou])S resembling si.ar-j)()inhs, <‘,omposed of’slight.ly 
convergent and radial rays, but (‘ls(‘wju!re w(n*e dis- 
posed on radial liiu's. The (‘,olour of i1k‘ bas(‘s ol’ 
star-points and of the radial liiU'S was the sajne as 
that of the inner ])ortion, while the out(U’ portion of tlu^ 
points had a very faint greenish vioh^t tint, 
radial lines were the m(>st ])rominent.’’ J^l^^adds 
that four of the star-jxnnts projected farther IVoni tin*. 
Sun than the ordinary radial lines, and gaN“<‘ th(‘, ^ 
contour of the corona the form ofa traja^zoid.’ nctw(‘un 
two of th(‘ largest pvottdierances scarcely any (‘.oi^ma 
was observed.’ 
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Tlio observations of Mr. J. Homer Lane : 
teiesting, because be had more jifirticidarly c 
himself, he says, ‘ with the duty of watching f 
])ossible low atmospheric limit, marked by an 
like a regular boundary and su])erior iuten 
light very near the Sun’.s limb.’ lie docs not 
to have succeeded in detecting any such sigi 
boundary line limiting an atnK)S])here lying h)W( 
the limits ol tlic corona. '’I next tiumed my attc 
lie proceeds, ‘to the agglomerations of white 1. 
the corona, and fixed u])on two of those wliicl 
iomarkal)le for their small size and the com pan 
(lease ac(nmudation of liglit in them. Those 
sifnaled about 80° from the vertex towards the 
as seen inverted in the telescope. In appearanc 
fiught well be com]>arcd to small telescopic c 
Avith tadsj)f some length, but without a hem 
with no distinct indication of a head at one end 
than the other. They Avere not far from rad 
direction i-«latively to the Sun’s centre— wheth 
actly .so I did not remark at the time— but aj)- 
completely Isolated, and had their origin far abo 
hmb of the Moon ; so far at least that, thong] 
])art of the hmb must have been ajiproaching tl: 
theii->iGight above the Sun’s limb remained ^coi 
the approach did not attract my attention. I re 
^ them two or three times to the profile of neighb( 
lunar inoimtains, so far as to make it evident the 
no' such relative motion as must have been exp 
had there been anything floating in our atmos 
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They manifestly belonged to the heavenS;, and I made 
no doubt were to be classed with the other parts or 
aggregations of white light in the corona. These two 
bodies I scrutinised closely for some time, ancl^ as 
I suppose^ to the end of totality. The form, dimensions, 
and appearance of each, and their distance apart, were 
in constant review; but; not the least change in either 
respect was seen. It would be in vain for me to try 
to estimate the length of time occupied with these 
objects. As to the distance between^ these two white 
comet-like objects, I judged, after the largest solar 
spot had been uncovered, that they would have in- 
cluded between their centres the nucleus of that spot, 
but not the penumbra. I had no means of taking 
any measures, nor would it have been easy to do so 
without sacrificing the scrutiny for the presence (Tt 
absence of changes. In order, however, to reproduce 
as nearly as possible what I saw, I have* laid down 
tipon paper a circle of the same size as tlie Moon's 
outline in the focus of the ol^je(‘.t-gb4ss --almost an 
inch — and holding this up to the light in the field ol‘ 
view of the same cyc-piecc used in the tel(isco[)o^ liave 
tried to lay down with a pencil the dinumsions and 
situation of the two ol>jccts. The folhnving is the 
result I got in this way : ^ ^ ^ 

of fuch .... UH)'' 

of its a.l)()V(‘ Ili(^ Moon’s limit . JOO" to 80" 

Distiuu’o fi’oin contn^ to ot'iitro of tin* two . . 00" to 'l-()" 

‘ Perhaps the height, above the Moon's limb sliould 
be taken at about hall* a miniile, shortly before the 
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end of totality. The estimate of to 40^^ here 
made for the distance apart of the two objects^ may be 
considered entirely independent of the one first given 
referring to the solar spot. In that case the judgment 
comparing with the spot was checked by selecting a pair 
of scratches on the blue screen glass in the field of view 
before the eclipse was over^, whose interval was judged 
not far from equal to that of the two objects, and then 
bringing the solar spot betweeji them.’ 

But perhaps tne most important of all the observa- 
tions made on the general aspect of the corona, during 
the eclipse of August 1869, were those made by 
General Myer, who watched the progre^ss of the 
eclipse from the summit of White Top Mountain, near 
Abingdon, Virginia, 5,530 feet above the sea level. 
^"The point of observation,’ he remarks, ^ was sought 
with the view of placing ourselves as far as possible 
above the lower and denser strata of the atmosj)herc, 
and the smoke, haze, and obstacles to vision with 
which they charged.’ It is on this account, and 
because of the bearing of the evidence on the que^'iition 
of th^ effect which our own atmosphere jiroduces on 
the appearance of the corona, that General Myer’s 
observations are chiefly important. The telescopic 
obsQjrv'p^ions are less interesting than they would 
otherwise have been, so far at least as the con- 
siderations we are now dealing with are in question, 
on account of the smallness of the field of view, which 
did not extend far beyond the prominences. General 
Myer remarks that, in the telescope, the corona or 
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aureola exhibited a clear yellowish bright light closely 
surrounding the lunar disc, and fading gradually, with 
[)erhaps some tinge of pinkish green, into the line of the 
darkened sky. Upon this corona, extending beyond 
its brightest ])ortion, the well defined rose-coloured 
])rominences were ])rojected at various points of the 
circumference.’’^ But it is when we turn to the 
deso’iption of the corona, as seen by the naked eye, 
that the characteristic peculiarities resulting from the 
position of the observer are recognised. ^ To the 
unaided eye’ says Myer, Hhe eclipse presented, during 
the total obscuration, a vision magnificent beyond 
description. As a centre stood the full and intensely 
black disc of the Moon, surrounded by the aureola of 
a soft bright light, through which shot out, as if from 
the circumference of the Moon, straight, massive, silvery 
rays, seeming distinct and separate from each other to 
a distance of two or three diameters of the lunar disc, 
the wdiolc spectacle showing as upon a background of 
di ffused rose-coloured light. This light was most intense, 
aTid^ extended furthest at about the centre of the lower 
limb, the position of the southern prominence. The 
silvery rays were longest and most prominent at four 
points of the circumference, two upon the upper and 
two upon the lower portion, apparently e^^^ distant 
from each other* (^aud at about the junctions of the 

Since both the proini nonces and the corona are luminous, “we 
cannot positively concludo, from this description, that a part of the 
corona really lay behind the prominoncos ; yet it is well to ohserv^how 
closely the description accords with this view, or, in other words, with 
the view that the corona is a solar appendage. 
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quadrants designated as limbs) giving the spectacle a 
quadrilateral shape. The angles of the quadrangle 
were about opposite the north-eastern, north-Avestern , 
south-eastern, and south-western points of the disc. A 
handing of the rays, in some respects similar, has been 
noted as seen at the total eclipse of July 18, 1860. 
There was no motion of the rays; they seemed con- 
centric.’ 

* G-eneral Myer’s description of tlie general aspect of the sky nii<l 
air wlien tlie total eelfpse was in progress deserves to bo added : — ‘ Tlie 
approach, of the Moon’s shadow,’ he says, ‘ did not appear to he market I 
by any defined line, or the movement of any dark column of shndt' 
through the air. The darkness fell gradually, shrouding the moun- 
tain ranges and the dim world below in most impressive gloom . Our 
guides had been instructed to watch for the shadow, anS. to call to us 
at the glasses. They saw notMng of which to give notice. At tlio 
same time, and in vivid contrast, the clouds above the horizon wore 
ilj^uminated with a soft radiance; those towards the east with lights 
like those of a coming dawn, orange and rose prevailing; those nortli- 
ward and westward, as described to ns hy Mr. Charles Coalo of 
Abingdon, Tirginia, who was present, with rainbow bands of light of 
varied hues. I quote, in his words, a description written by him, as 
of interest in reference to the dispersion of light: — “The grandest 
of all to us, who had no astronomical ambition, or astronomical know- 
ledge, to gratify wSs the effect npon the clouds during the total ob- 
scuration. Those who have had the privilege of being upon White 
Top, and enjoying the westward scene, will remember the grand 
panorai]5ic view of mountains beginning on the northern and southern 
horizon, and stretching away to the west till they seem to meet, and will 
appreciate the scene that we now attempt to describe. Stretcliiiig 
along t^i^s semicircle of mountains in long horizontal lines, far below 
the Su?i, light and fleecy clouds, as if resting upon their wings 
during the seeming struggle between the orbs above them. At the 
moment of the falling of the dark shadow, when naught was to be seen 
above but the stars and the circle of light around the Moon, these 
clouds became arrayed in all the colours of the rainbow, presenting an 
indescribable richness with their background of sombre mountain. To 
our vision, it was as if bands of broad ribbon, of every conceivable hue, 
had been stretched in parallel lines half round the universe.” ’ 
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During this eclipse a more successful attempt was 
made to photograph the corona than on any former 
occasion. Fig. 85 represents the corona as photographed 

Fic;. 85. 



From a Photograph of tho Solar Corona during the Eclipse of ^ 
August, 1869. 

by Mr. Whipple, at Shelby ville, Kentucky. The four- 
cornered aspect is here distinctly recognised, and the 

» a 

In a j,(‘ttcr suliHoquently written to G-eneral Myer, on the subject of 
t he roinarktiblo e.olour-sconc described above, Mr. Coale remarks, ‘ I was 
probably bordering on the (extravagant (though not more so thak is 
allowable in country journalism) in giving to the clouds “all the colours 
of tho rainbow.” I clearly remember, however, that there were distinct 
bands of pink, purple, ydlow, orange, and fiery red, and each sligJJtly 
tinged witli diffbrc'iit shades of its own colour. One of the ban^^ad, i. 
remember, to my vision, a slight lilac tinge. I do not remember to have 
observed any green or blue, but I do remember that the lower edge of 
tho purple had a very faint blue tinge. All these resting against a 
dark background gave thorn an indescribably gorgeous appearance, the 
lines of colour seeming to he divided by stripes of black. They all lay 
in horiuoiital lines one above the other. My impression is, that thise 
colours appc'ared at tho moment tho shadow passed from the lower edge 
of tho Sun, tliough I am not positive.’ »* 
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probability may be inferred that, with a longer ex- 
posure, the rays would have been presented as seen 
by Gilman, Eastman, and others, if not as seen 1)y 
General Myer. In the photograph there is, indeed, a 
sharpness of outline which might readily be interpreted 
by those unacquainted with the nature of photograpliKi 
processes to imply the existence of a real boundary 
line separating this part of the corona from the part 
without. Bu^ as a matter of fact, the sharpness ot 
outline is due to peculiarities in the process of develop- 
ment. It may be recognised in the photographs taken 
at Ottumwa, although in them the corona has a much 
smaller extent. It is not noticed, howtiver, in the 
photographs by Dr. Curtis, where the corona has about 
the same degree of extension ; the reason being, that 
he employed special care in avoiding over-development 
of the nggative. Hence no doubt whatever can remain 
that the sharpness of outline in the Ottumwa photo- 
graphs, as also in Mr. Whipple s, implies no real limita- 
tion of the o*bject photographed.^ 


**As some stress has been laid on this matter by those who advoeat,i^ 
theories respecting the terrestrial nature of the corona, it may bo wt'll t o 
present at length. Dr. Curtis’s statement respecting the erroneous iut(U’i>re- 
talston of these photographic records. He says that ho has rcatl with 
sarpn^an extract from a letter, written by Dr. Gould to Protbs.sur 
Henry Morton, in which the former says, ‘ An oxaminatiou of t lu' 
beautiful photographs made at Burlington and Ottumwa, by the section s 
of your party in charge of Professors Mayer and Himes, and a comparison 
of them with my sketches of the corona, have led me to the conviction 
that the radiance around the Moon, in the pictures made during tin' 
totality, is not the corona at all, but is actually the imago of what Mr. 
Lockyer has. called the chromosphere.’ ‘Dr. G-ould proceeds,’ says Dr. 
^'Curtis, ‘ to specify the points at variance between the corona as photo- 
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Such is a sketch of the evidence adduced up to the 
present time respecting the solar corona. It appears 

graphed and the same ohjoct as seen and sketched hy Intn ; and hecauso 
the two representations do not correspond in feature, lie infers that the 
objects depicted cannot ho identical. Tliis same argnmont would apply 
equally well to the “radiance’’ shown in my own photographs, since in 
them the phenomenon, though faint, agrees in 'outline with the [similar 
ohjoct on the Ihirlington and Ottumwa pictures. Now, I cannot hut 
believe that l)r. Gould is in error in imagining this aureola not to he 
simply the imago of the more intense^ portion of the corona inair the 
surface of the Sun. In the first place, the exporienee of this very 
eclipse lias shown how guardedly all sketches aiuf drawings of the 
appearance's of totality should ho received, as aiTording an accurate 
record of either the shape, size, or position of the various objects. 
This is evident upon comparing the various sketches made hy cyo- 
obsorvers of the protuberances and corona, holh with each other and 
with the photographs, and observing the very great discrepancies 
manifest. Of course, it is not meant that accurate measurements maclo 
by a micromotor cyc-picco in the telescope, or similar determinations 
of position-angle, cannot he relied u[)on, hut, on the contrary, the 
argument is that only such are to ho rocoived as trustworthy, and that 
all general sketches and drawings made hastily daring t.he few exciting 
minutes of totality, or from memory afterwards, form hut a wi^iMc ground 
upon which to base an important sciontiftc hypothesis. But positive 
proof in the question at issu(5 is afforded hy the very perl'eet photographs 
of the corona taken at Shelhyvillo, Kentucky, by Mr. ^^hip^)le, of the 
Cambridge expedition. Here we have, a series of several iiegativtis 
obtained hy receiving the focal imagi' of a six-inch object glass directly 
upon tho stmsitivo plate, and taken, with a wide range ot‘ exposure, frtfni 
five to forty seconds. Of tiiose tho one exposed the longi'st (fig. 85) 
yields a splendid and unmistakable picture of the corona, nqiresonting it,, 
where the converging rays occurred, of a depth cipialto a ipiarter of t^' 
Moon’s diameter. Surely Dr. G-ould cannot imagine the auiri'olo opiMiv^ 
photograph to be the chromosplioro and not the corona; and yet (Sf,l these 
pictures of Mr. Whipple’s, and all of the Philadelphia expedition, and 
my own, agree perfectly in the features and position of the various 
irregularities in tho outline of the corona, the diflbrenco in the repro' 
sentation of that object in the siwcral photographs being solely one of 
extent and brilliancy. Dr. Goxild adduces as an additional argument 
in favour of his assumption, tho observation thattlio long coronal beams 
appeared to him to bo “ variablo,” whilo tho “ aureole ” photographed ^ 
was evidently “ constant ” during the lime of totality. This argument, * 
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to me that although It does not suffice to answer all 
the questions of interest suggested hy tins imposing 


liowcver, loses some of its force, when ii is rememl3('recl Hint t o ottier 
observers the corona appeared to tlio eye absohiti'ly iincli!in{J:(^alt!e, both 
in form and position, durin<? tlio whole p<u-iod ()f tli(^ t.olal ol.seiiration. 

Dr. Curtis then proceeds to consider how far ,I)r. C«)uld tu:iy hare 
been led to found his opinion upon the cireumstaiKr. tbal, t Im ‘ aureole* 

in tlic Philadelphia photographs/ wliilo falling lar shorl. of (he height 

above the Moon’s limb attained by tiie corona as sei'u hy Iho eye, yet 
appears of very great brilliancy, rivalling tlu^ protuberanees in that 
respect, and eoine.» to an almost abrupt termiimtion iv short distant' 
above the solar surface.’ He shows that these ptriilianlies must h(‘ 
regarded as ill all probability simply ‘ photogra.phie eil’e<*ts.’ fht‘ prints 
of the pjliotograplis ‘giving every indication that- the negatives Irom 
which they were taken were strongly int.ensilied aflm* Ihsing.’ ‘d'his 
operation,’ he adds, ‘practised to give addit.ional density to weak 
negatives, would have, in this case, prceisidy the eili'ct- of iiu'rt'iising ou 
the photograph the apparent brilliancy of the corona without, aihiing to 
its extent. Moreover, that this cxc(‘ssivo iihotographic brilliancy of the 
under portion of the corona should not h(‘. takmi as a iiroof of any 
^physical or chemical peculiarity in the actual ohj(‘el,is (piite eoiudusively 
proved by my own photographs, which, while showing a.bout, the siuno 
extent of^'corona as those pictures of the riiiladelphia. party that re- 
ceived the least exposare, yet represent it as a very fecdile hnuiiiosity, 
fading gradually and imperceptibly into eomphde^ darlamsH, a.n(l this 
while the sinimcjr photographs show the pro/'//7^cmwr/'.s' ol’gn'at, brilli.’iney. 
If this peculiarity of tlio Burlmgtou and Ot.tumwa pludogruphs had 
indeed any influence in leading Dr. Gould into the niisi‘one<^ption 
intC which I cannot bnt beliovo ho has falhui, the eireumstani'C 
aifords but another example among many that 1 liavi^ se(‘n, of th(» 
necessity that a critic, before attempting to draw seientine infenmet'K 
fr^ photographic representations, should himself heeonn' Honn'lhing of 
photographer, else he will bo very apt to fall into this natural error of 
ascribing effects wholly produced ui the dark-room to physical eharae,- 
teristics of the object pourtrayed. And by a singular coineideueo, (Wi- 
denco that Dr. Gould has not a practical acciuaiataiie.e with the art, would 
seem to be afforded in this same published IcttiT, by his total misintC'r- 
pretation of another purely pbotograpbic effect, vi'/.., the a]>parent 
encroachment of the prominences upon the disc of the Moon as H('en in 
the photographs. This curious appearance, instead of bomg duo to 
•t/* specular reflection,” is wholly a dark-room plienoinenon.’ 
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plienomcnon, it yet leaves very little room for doubt 
ay to the general characteristics of the corona. 

"W c arc fortunately able to dispose very briefly of 
^oiue of the theories respecting the corona which were 
^ug^gcstecl in old times. We need no longer inquire 
with close scrutiny into the theory that the corona is 
<ltic to a lunar atmosphere, because we now have 
ahuudant evidence that either there is no lunar atmo- 
sphere, or that at least no atmosphere competent to 
produce such a remarkable appearance surrounds our 
satellite. We know that two very definite results (to 
insider no others) must inevitably follow if the Moon 
had an atmhsphcre of even moderate extent. In the 
first place, the refractive power of such an atmosphere 
'woidd cause somewhat more than one-half of the 
Aloon’s surface to be Illuminated — precisely as, in th^ 
caise of our own Earth, the Sun is apparently ij^aised by 
atmospheric refraction above the horizon of places 
l3dug beyond the hemisphere turned directly towards 
liim. It is easy to show that under these circumstances, 
when ^he Moon is nearly new, her horns should extend 
somewhat beyond a semicircle. The fact that no such 
extension lias been noticed suffices to prove that she 
has either no atmosphere or one of very limited e^.eSht. 
Again, the occultation of ^ fixed star by the* Moon 
<.u)uld not fail to be accompanied by evidence of the 
existence of any lunar atmosphere. Instead of disap- 
pearing suddenly, the star would be slowly reduced in 
brilliancy, and would appear to cling for a few moments 
to the outline of the Moon’s disc. Since no suc'jj* 
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appearances are noted, we must reject the conception 
that the Moon has an atmosphere of appreciable extent, 
and with it the theory, which to Kepler and Halley 
had seemed attractive,* that the corona is a phe- 
nomenon due to the action of a lunar atmosphere on 
the solar rays. 

Nor need we dwell on the theory propounded by 
Delisle, that the corona may be an optical effect due 
to the diffraction of the solar rays as they pass by the 
Moon, because Professor Baden Pow^ell and Sir David 
Brewster have abundantly demonstrated that the effects 
due to such diffraction could not be discernible from 
the Earth. 

We may thus limit our attention to two general 
theories (each admitting of special differences) which 
^t present' divide attention. One is the theory that 
the corona is a solar appendage; the other is the theory 
that it is a phenomenon due to the passage of solar 
light though our own atmosphere. 

It will Tbe^seen that somewhat important issues de- 
pend on the selection we have to make between ''these 
two theories. For, if the corona be but a phenomenon of 
our own atmosphere, it is not worthy of more attention 
thah^e might give to the rays which stream through 
openings between clouds and form vast beams of light 
across the heavens. But if it be a solar appendage, 
then it is one of the most imposing phenomena the, 

^Halley mentions that contrary sentiments were entertained ‘hy 
those whose judgments he should always revere/ It has been supposed 
&at Halley here refers to Newton. 
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mind of man can dwell upon. Those long beams have 
(then) a real extension compared with which the volume 
of our Earth, nay even the volume of the Sun him- 
self, sinks into utter insignificance; and that inner 
radiance which encloses the Sun on every side indi- 
cates a huniuous region of inconceivably vast extent, 
while the problems suggested for our consideration by 
the aspect of this region, and by the physical state of 
the material distributed through it, skc of the most 
interesting character. 

It will conduce perhaps to clearness of conception if 
we consider where that portion of our atmosphere is 
situated which, according to what may be called the 
‘atmospheric glare’ theory— advocated by M. Faye, 
Mr. Lockycr, and possibly by others— is illuminated by 
solar light during total eclipses. We can then inc[ulre 
at our leisure by what path the solar light rcisches this 
region of our atmosphere. 

Let the observer be at o (fig. 86) in the ^centre of 
the l^Ioon’s shadow b //, which forms an elliptical 
dark space on the Earth’s surlacc. AVc need not con- 
cern ourselves with the shape ol this ellipse, which 
will vary in dilfercnt eclipses and at dilfeicnt statiems. 
’W'e need only note that in a considerable total^c*dip£^ 
the least diameter of h V will be greater than 100 miles. 
Now, let A ?/ represent a portion of the Moon’s shadow- 
cone, forming within our atmosphere a figure not dif- 
fering greatly from an obhej^ue cylinder. .Assigning^to 
the •atmosphere a height of about 200 miles this cylinder 
will have a,shape such as A h'-, but if we assign to th^ 
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atmosplici'c an elevation of 500 then we slionld 

have to assign to our shadow cylinder the figure rf //. 
ISToWj let lines drawn from the observer’s eye to the 
boundary of the -Moon’s disc enclose the black ('■.oiu' 
shown in part in o m, while lines drawn to the boundary 
of a circular corona extending one degree on every side 
of the Moon’s disc during totality form the cone shown 


Fig. 8G. 



in part in o c c\ Both cones are shown well within th(j 
cylinder a ¥ , because as a matter of fact we find tliat 
the lines o o a' would contain an angle considerably 
greater than the angle c o c\ 

We are here considering, be it romemberod, the atiiiospluvrt^ which 
effiMive in reflecting solar light to tho oyo ; and it will Rcju’ftdy bt^ 
admittedly most meteorologists that an atmosphoro of fior/ (^xInuIh 
even to so great a height as 100 miles from tho Earth’s surfaco. Oar 
best estimate (so far as this characteristic of tho atmospliorc. is coiutcrnod) 
is undoubtedly that founded on the height of tho twilight curve whou 
observed from suitable stations, for this heiglit dopeiids on tho Y(u*y 
quality we are considering. Now Bravais, from a discussion of Land xu-t’s 
observations of the crepuscular curve, deduced a lu^ight falling short of 
400 miles, while his own observations made from the summit of tho 
Jaulhorn gave a heiglit of about 66 miles. So far as thft real cxtcnsi(u» 
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Now, if the atmospheric glare theory is true, all the 
cone () c c' in our atmosphere is illuminated at the time 
of central eclipse except only the core belonging to 
the cone o m. This is certain, because we see the 
Moon dark and the corona bright ; so that we require 
o VI to be dark and the remainder of o c c' to be bright. 
Now, so far as undcflected solar rays are concerned, the 
whole region a h' is in shadow. The light from the 
prominences can get into this region,, and so perhaps 
(',an solar light deflected by some possible action at the 
Moon’s surface. But the problem which the sup- 
porters of the ‘ atmospheric glare ’ theory have to 
solve is to 'get the light into the cone o c c' , growing 
brighter and brighter up to the very boundary of the 
dark cone m o (to correspond with the increase of the 
corona’s light up to the Moon’s limb), and the?e 
suddenly ceasing. This done, they must shqw further 
that if airother observer is stationed somewhere else 


(,r the atmosphero is coneerned, wo may accept tSe opinion of Dr 

Bairmtr Htewart that ohsorvations made on the anrora supply the es 

of ton, ting an opinion. From 

Dalton estimated the extreme height of the auroral arch at 102*miles. 
Sir .John Horscltel estimated the height of the 

Maivli 9 1801, at 83 miles. ObsorTations of meteors afford anothe 
; i of solving the problem. A height greater than any of .hose 

“Idionef hasU deduced rft Xrom 

Lastly, polariscopie observations Imve led Liais and oth_ ^ 

elusion that our atmosphere extends to a ^ elevation 

T Wnvih The rarity of the atmosphere at such an eievano 

Zli; SmZl. of doo.Hy ioHp,™.. I-- ^ » 

TOlil. Mosotho, Jog. 

a sphere oxcooding in diameter the orbit of Jupiter. 
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within b V as at o', the cones formed hj lines from Ms 
eye to the Moon’s limb and the corona’s boundary, arc 
respectively dark and illuminated in exactly the same 
way — that is, they must show that the same regions 
of the air are at once illuminated and in darkness. 

This may fairly be regarded as impossible. 

Yet even if this could be demonstrated, much more 
would still remain to be done before the ^ atmospheric 
glare ’ theory could be regarded — I will not say as 
established — but as worthy of consideration. Until 
something of this sort has been done — and nothing of 
the sort has yet been attempted — we need not inquire 
howfar those spectroscopic observations can be explained 
away wliich Professors Young and Harkness justly 
regard as of themseWes demonstrating the non-terres- 
trial character of the coronal lifTht.'"^^ 

It app^ears, then, that whatever view w^e arc to form 
of the actual constitution of the corona, we can at least 
have no doubt that it is a true solar appendage. There 
may not *'be any closer bond of union between tlic 

It will be observed that the above consid orations clisposo of that 
modified form of the atmospheric glare theory which Mr. Lockyor IxaH 
recently put forwurd. Without iii^uiriug here whether (as ho assorts) a 
poswbie lunar action formed a part of the theory as originally pro- 
p«>-und^l^ Qiee preface to the second edition of my Other Wor/d.s\ I 
must point out that such action doesTnot render tho theory at all more 
satisfactory.^ We have, if the theory is true, a cerlaiii region of otvr 
atoosphere illuminated and a certain other region dark, and tho tliooiy 
gives no explanation whatever of how this comes about. Moreover, 
supposing it did explain the matter for one observer at one moment, tho 
expknation would not avail to show how in the ease of another observer 
that same illuminated region would be dark and that same dark region 
i.^uminated at the very same moment. 
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material substance (of whatever sort) which emits the 
light forming the corona than exists between the 
nucleus of a comet and the comet’s tail. But certainly 
the evidence seems to force on us the conclusion that a 
relation as unc|^uestionable associates the corona and 
the Sun as that which compels us to regard the tail 
and coma as real appendages of a comet. 

The corona thus viewed becomes one of the most 
important and interesting of all the phe^iomena of the 
solar system. TV^e no longer have to deal with sun- 
beams shining through our atmospherOj or with mirages 
in some lunar envelope, but with luminous spaces of 
inconceivably vast extent. Let us consider what 
evidence we already have bearing on the nature of this 
wonderful solar appendage. We shall then more justly^ 
appreciate the interest attaching to those efforts which 
are being made to gain fresh information. 

The general aspect of the corona, as described in 
the preceding pages, docs not suggest the idea that 
we have to deal with a solar atmos[)hcic. Those 
radial projections are not the a])pcavanccs we should 
expect to find in an atmospheric envelope. Nor again 
is it easy to understand how the irregular masses of 
light, the spots resembling hanks of thread in disorder^ 
and other peculiarities of « like nature, can be ac- 
counted for on the theory that^ the corona is a solar 
atmosphere. 

But this view of the corona may be regarded as 
disposed of completely by the nature of the lines seen in 
the spectra of the coloured prominences. We have seca** 
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(p. 295 ) that the gases forming the prominences pro- 
bahly exist at a comparatively low pressure — that almost 
certainly the pressure near the summits of the loftier 
prominences falls very far below the atmospheric pres- 
sure at the summit of Dhawala Griri and Mount Everest, 
l^ow, if we supposed the extension of the corona limited 
to that shown in Whipple’s photograph, we should yet, 
on the supposition that the corona is an atmosjdicrc, 
deduce a pressure far greater than this, let our estimate 
of the tenuity of the upper parts of such an atmosphere 
he what it (reasonably) may. But when we remember 
that under favourable circumstances the corona has 
been seen to extend to a distance very far exceeding 
the diameter of the eclipsed Sun, so that its depth (still 
regarding it as an atmosphere) would be more than a 
million of miles, or exceed sixfold the height of the 
loftiest^solar prominences, we find ourselves compelled 
to reject the idea that we have indeed to deal with a 
solar atmosphere properly so called. 

We conclude, then, that the matter (of whatever 
sort) existing where we know that the coronal beams 
extend, does not form part of a solar envelope. This 
being the case, we have to account for its subsistence 
^or continuance in these regions by some other concep- 
tion than that of the combined forces of attraction and 
molecular or atomic repulsion which keep an atmosphere 
in equilibrium (statical or dynamical, as the case may 
be). Now, there may he, and very probably there is, 
in partial question here the action of repulsive forces 
V exerted by the Sun. Most unquestionably, as Sir 
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Joli» Herschel has pointed out, the Sun does exert 
i-eptilsive forces, and those of a magnitude inconceiv- 
enormous. But, in the absence of any exact 
IcnoAvledge of the condition of the coronal matter, or 
qX' 'fclie nature and mode of action of solar repulsive 
fox'ces, we must for the present limit our consideration 
to -tBose forms of solar action which rve can measure 
and estimate. We must inquire how matter swayed 
wlaolly or principally by gravitation might remain in 
tlxe Sun’s neighbourhood without being brought to Ins 
sni-face. Wo know that this can only happen when 
tlx at matter is in motion with suitable velocity. Place 
any particle’ at rest at the distance of Mercury, and 
tliat particle would move off towards the Sun, and in the 
coxirse of about fil'tecn days and a half it would fall upon 
tliat luminary. But endow the particle with Mercury’s 
•velocity, no matter in what direction (exccpUdireetly 
to-vvards the Sun’s globe), and it will revolve around the 
Snn in an orbit having the same mean ^ distance 
as Mercury’s. It has become at once an attendant on 
tKe Sun, or we may say it is now a solar appen- 
dage. Take, then, a million, or a million millions, of 
sxiSi bodies and give them adequate velocities, even 
-tlxougli in a million different directions, and the Sun 
forthwith has as an appendage a cloudy of cosmical 
Bodies, which will continue for ever, or for an indefi- 
nitely long period, as a cloud-appendage. It will not be 
Xixed— the relations even of its several parts will not 
Bo fixed ; on the contrary, the cloud will shift and 
fluctuate, its members aggregating here and segregating* 
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there ; but as a clustering solar appendage it will be 
permanent. 

JSTow^ if we regard the corona as consisting, not of 
one such clustering appendage but of countless 
millions, severally insignificant perchance, but com- 
bining to form a solar aureola of enormous dimensions 
and of inconceivable real magnificence, we are at least 
not imagining a new feature of the solar system. On 
the contrary,r,we have now for some time had abundant 
evidence that such an appendage must exist. In fact, 
we have simply been brought by the consideration of 
the corona to perceive an effect produced by a portion 
of the solar system which hud already been recognised. 

It is admitted that the Earth encounters each year 
more than a hundred meteor systems. It is known 
*that each meteor system includes countless millions of 
meteors; it is known that, besides the meteors belong- 
ing to systems, the Earth encounters myriads of others 
which, because they have not yet been associated with 
any known systems, are called sporadic^ and it is 
known that the total number of meteors actually en- 
countered by the Earth in the course of a single year 
is upwards of 2,700,000,000 if we count only those 
visible to the naked eye, while the number mounts up 
to 146,100,000,000 if wennclude those shootiim stars 

O 

which can only be seen with telescopic aid.^ In that 
fine hoop of space which the Earth traverses each year — 

These results have been simply deduced from Professor Newton’s 
^estimates fur the hourly motion of the Earth, extended to include the 
*fiarth’s motion round the whole of her orbit. 
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a hoop having a circular cross section of the relatively 
insignificant diameter of 7,900 miles -these amazing 
numbers of meteors are annually encountered andfor the 

most part consumed as they pass through our air; and 

yet there is seemingly no diminution in the supply. If 
we suppose that the space between the Earth’s orbit and 
the Sun is supplied with ccjual richness, then undoubt“ 
edly we already begin to have evidence of some such 
solar appendage as we have supposed the^corona to be. 

But this is not all. We know that the meteor 
systems which cross our Earth s orbit have paths of 
great eccentricity, so eccentric in some cases as to 
carry the mcihbers of these systems much farther out 
into space than the orbit of distant Neptune. "We 
certainly therefore that the intersection of any 
meteor-orbit with our Earth is a mere coincidence ; a » 
• coincidence which would be so unlikely, if there were 
but a few millions of such systems, that the laws of 
probability force on us the conclusion that there must 
be millions of millions of meteoric systems for each 
encounfered by the Earth. We know again that, 
according to the laws of motion, the existence of muEi- 
tudes of eccentric systems implies necessarily the 
aggregation of meteors in the Sun’s neighbourhood.* 

* 

* This is trao, noWithstimcling the fact that in any siaglo meteoric 
system, elliptical in figure, tlie average condensation (in long intervals of 
time) must bo least near the Sun, owing to tlio relatively swift motions 
of the meteors there. Por if wo conceive the case of a vast numbor of 
eccentric meteoric systems in every variety of position, the 
of aggregation due to this cause would bo as tlio distances ; but the 
increase of aggregation duo to tho volumetric diminution of concentric^, 
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On this account alone the average density of meteoric 
aggregation would he twice as great at half the Earth’s 
distance, three times as great at one- third the Earth’s 
distance, and so on. 

But further, meteors have been found to he associated 
with comets — in this way — that the only meteor systems 
whose orbits have been determined travel on the orbits 
of known comets. If we assume this relation, observed 
in the only instances we have yet had the opportunity 
of examining, to apply generally, then we must infer a 
yet greater increase of meteoric aggregation near the 
Sun. For it has been shown that cometic perihelia 
aggregate more and more densely thb nearer we 
approach the Sun. 

Yet further, it would seem from the researches of 
f Leverrier into the motions of the planet Mercury, that 
within the orbitof that planet there must be an increased 
aggregation of matter. For he has shown that certain 
perturbations of Mercury’s motion may be explained by 
the existenc^e of several small planets travelling around 
the Sun within the orbit of Mercury ; and as wc have 
had no proof of the existence of even a single object of 
this class, and as the observed effects can be equally 
well accounted for by the supposition that myriads of 
*"much minuter bodies exist^ we may fairly infer on this 
account alone that the neighbourhood of the Sun is 
richly peopled with minute cosmical bodies. 

stells of equal thickness around the Sun with approach to him, would 
be as the square of the distance. Hence results on the whole tiu avcjrage 
^ increase of aggregation proportional to the diminution of the distance. 


Yet once more, Baxendell of Manchester has proved 
that certain periodic meteorological phenomena, detected 
by him in the tabulated statements of the best obser- 
vatories, can be explained by the theory that there exists 
around the Sun a ring or zone or spheroid of matter 
(his theory docs not insist, he says, on any special form) 
at about that same distance from the Sun which 
Leverrier has assigned to the family of intra-mercurial 
planets. 

Assuming that the meteoric familife which un- 
doubtedly exist, and undoubtedly become more densely 
aggregated with approach towards the Sun, do thus — as 
Leverrier’s tkeory and BaxendelFs would alike suggest 
— grow even yet richer at about that distance from 
the Sun to which the corona extends when most 
favourably seen, we have this also to further strengthen^ 
^ our belief in the resulting brightness of the solar appen- 
dage thus i ( )rmcd — that these meteors would be severally 
illuminated with inconceivable splendour on account of 
their nearness to the Sun. If we add to this tjiat those 
approa?ihing most nearly to him would be rendered in- 
candescent, if not vaporised, by the intensity of his 
heat, and that most probably electric discharges would 
take place between them on account of the intent 


* I am aTOto tliat under ordinary torrostrial conditions the electric 
diHi'luirgo will not take place through a vacunm. But we have no 
ovidemm tliiit an actual TOCuum exists whore the corona is seen. On 
the contrary, it is pruhahlo that multitudes of the minute bodies trarel- 
liug past the Sun liocomo viiporisod, and so combine to form a moring 
vaporous region, whoso constituent parts are continually changiug'as 
frosh matter arrives and as portions pass away to distances where they^ 
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energy of the solar action^ we have, I think, abun- 
dant reason for expecting that when the Sun undergoes 
eclipse an aureola of splendour would be seen around 
him. 

We have, then, two distinct lines of argument. We 
have been led by the consideration of the phenomena 
actually presented by the corona to the conclusion that 
multitudes of bodies too minute to be separately visible 
exist around the Sun ; while we have been led by the 
consideration of what we know respecting multitudes of 
minute bodies actually travelling around the Sun to the 
conclusion that a corona or aureole of light would be 
seen around him during total eclipse.. It seems clear, 
too, that all those peculiarities of the corona which have 
seemed to oppose themselves so obviously to other 
Jheories accord most perfectly with this. Save, perhaps, 
one only. If the corona is really crossed by radiating 
dark bars such as are shown in Mr. Gilman’s picture, 
and described by several observers of total eclipses, 
then most certainly that phenomenon is not accounted 
for by the theory here put forward. The meteoric 
theory will account for a radial dark bar — by which 
I mean a bar directed in a straight line from the Sun — 
as^ an occasional phenomenon. But that such bars 
should be a characteristic phenomenon of the corona, 
or that in any single case the corona should be seen 


can rGsume their normal condition. Changes also occur, in all proba- 
bility, which no physical researches yet made can explain, since we have 
proof of peculiar forms of action in the formation and rapid growth of 
cometary appendages. 
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streaked with several such bars, is a phenomenou which 
nothing in the meteoric theory considered per se is 
calculated to explain. 

Now this is a difficulty which must be faced by some 
better means than a mere attempt to negative the evi- 
dence. That erroneous observations are made from 
time to time is unfortunately true ; but when a charac- 
teristic plicnomcnon which does not seem likely to be 
merely imiifjiued, is attested by trustworthy observers, 
a theory begins to wear a most questionable aspect 
which cun only he supported by assigning those obser- 
vations to illusion. 

The difficulty in this case is that, even setting aside 
the objections (overwhelming as I think) which have 
been brought against all other theories but the meteoric 
one, we do not find in any of these theories the means * 
of explaining this particular phenomenon. , 

Ccrtaitdy no theory involving the existence of a 
lunar atiuosiihere can aid us in this strait ; because 
if the radial bars were due to the passage of tte solar 
3*ays straight through such an atmosphere in lines 
touching the Moon’s edge (and no other path would 
account for the observed phenomenon), then the exten- 
sion of the lunar atmosphere necessary to account for 
the observed appearances 'srould be about 200,000 
miles, or tlic lunar atmosphere would extend nearly to 
the bhirth.'^' We cannot for a moment imagine this. 

* It iH easy to Kciu this hy making a diagi’am showing the Moon anij 
Karth, with tlio paths of the iniaginud rays extending along the boundary 
of tho Moon’s geometrical shadow, carrying the rays on until, as seen , 
from the statiou < 4 ' a.n observer on the Earth (and within the shadow- 
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Nor again can the ‘ atmospheric glare ’ theory ex- 
plain this phenomenon, unless we snpi)osc the Larth s 
atmosphere to extend nearly to the Moon s distance, 
which is altogether incredible. Indeed, even if wo 
admitted this, the bright rays between which the dark 
rays are seen ought to gr'ow brigliter and brighter with 
increase of apparent distance from the Moon, which is 
tlie reverse of what is actually seen. 

It remains,, then, that we should account lor the 
phenomenon by the theory to wliich we have been hid 
by other considerations. In fact, since the meteoric 
theory has been shown to accord so well with other 
phenomena, while it derives a negative strength Iroin 
the obvious flaws in all the other theories, we arc 
justified in accepting with a certain degree ol confi- 
'' dence any explanation ol these dark radial bars which 
the mijteoric theory may point to. In other words, 
instead of feeling hound to explain these dark bars 
before admitting the meteoric theory, wc may employ 
the inefeonc theory to supply the explanation wc re- 
quire. 

" ISTow, there are two phenomeua— ‘One belouging to 
the solar system^ the other to the iLartli s econoiuy 
which seem likely to aid us in. this matter. One is 
the appearance of comets’Jails ; the other is the aspect 
of auroral streamers. As respects the former pheno- 
menon^ it is to he remarked that the directive forces^ 
whatever they may be, which cause the tails of comets 

cone), they shall subtend an angle four or five times as great as that 
subtended by the Moon’s diameter. 
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to project from the Sini,resLtlG imdoiibtcclly in the solar 
» , globe, and act undoubtedly Avitli very great energy on 
certain foinis of matter near him. Hence, as we have 
abLiiidant reason for hellevhig that the corona is not 
Free from a cei’taiii association with cometary matter, 
Ave need not be altogether surprised if we find in the 
corona evidences of the same sort of action that we 
recognise in the formation and projection of comets’ 
tails. \ et again, as respects the sccond^phenomenon, 
we have the, striking evidence afforded by the spectro- 
scope to sliow tliat a resemblance of some sort exists 
between tlie coronal light and that of our auroras ; so 
that wo are justified in finding some resemblance, and 
even in conceiving tliat some association exists, between 
tlic long straight streamers which form so remarkable 
a feature of the aurora borealis, and those straight ^ 

' radial liars,"’' Avith dark intervening spaces, scei^ in the 
solar corona. 

"Fliere is a circumstance Avhich seems to render this 
I’clatiou more striking in the fact that tlie duly ex-* 
])lanati(7u one can readily conceive of the observed 
characteristics of the auroral s])ectrum seems to bring 
us again upon that subject of meteoric astronomy 

Avhich has thus far stood us in such useful stead. For 

• • 

^ It, i« worthy of not ice Unit a difltkult-j oxIhUs iii t.lio rolat.ivoly small 
section ot lluwatlial bars, both bright {iml dark; for this ],)liouomenon 
would ituitly tJuit tho centre of that action to which tJiesu bars are due 
cuiuiot have the diineasions of tlu^ solar globe which we are able to 
nieasuHi. Jt si'cms far from unlikely (since iiuhiod wo have other 
evidence corroborating such a view) that tho cent, ivil and more condonsciil 
portions of the Sun’s mass may bo tho real scat of this iatonso repulsive 
action. ^ 
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ainoiiir the brlq;lit lines seen in the nuronil Si)e(‘trinn 
is one agreeing in position with a line of iron, and d 
has been thought probable by Stewart, Angst riinn and 
others, that the light of the aurora, is due in part to 
electrical discharges taking place in tlu^ u])pt'r ri'gions 
of our atmosphere. But how can iron launch tho^t^ 
upper regions save from meteoric, Yisita,nts.^ and what 
can he more likely than that iron does judnally nMirh 
the np})er regions of our air in this way, wlum \V(‘ 
consider how largely iron enters into the eoniposilion 
of nearly all the meteoih*, masses which havci beam so 
far subjcjctcal to analysis? 

But it may be reasoned that if this is indca^d tln‘ 
case, if solar action in the upper regions of tlu‘ Ihartlfs 
atinospbere (or terrestrial action (ixcatcal in sonu' way 
** by the Sun) can cause these clocdricail dis(harg(‘s, them 
solar a<;tion exerted directly on similar material in the 
other parts of the Sun’s domain ought to c‘X('it(^ a 
similar luminosity, and that thereliorc ought at 
ni(dit tcT SCO some traces — faint, it may h(u hut still 
recognisable — of this particular fonu of pluisplio- 
rcsccnco. 

This amounts, in fact, to the consideration, tliat, t.lu' 
Hmits of the corona as seen during total eclipse ought 
"not to' mark the real limits of the Sun’s light-exeiting 
action. And even supposing that hut a small projair- 
tion of the coronal light is really due to this form of 
action — that is, to electrical discharges — it would si ill 
he likely that some signs of those inotcoric systems 
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whose illumination hy the Sun lias been here regarded 
as the cause of tlic corona, should be seen beyond the 
observed limits of that aureola of light. 

Here again it happens (and I know no surer test of 
the justice of a theory) that we have been led to see 
that a certain phenomenon should be manifested, Avhich 
actually is a familiar phenomenon of the heavens, and 
which Avould most assuredly have required explanation 
if it had not thus been led up to. ♦ 

For ])rec*lsc'ly in that region where we should expect 
to find a i’aintglcam of light — precisely where the known 
relations of ^the planetary scheme would lead us to 
look for an abundance of meteoric material, there 
appears that mysterious luminosity known as the 
Zodiacal Light. And just as our reasoning has led us 
to regard the meteoric appendage of the Sun — an 
jippcndage really extending far beyond the c%rblts of 
the most distant jdanets — as variable in configui'ation, 
however constant when regarded as a whole, so we find 
the zo(l,iacnl light varying from year to year in bright- 
ness, and extent, and position. Its light, again, 
jwesents that faint tinge of pink whi<L has been 
recognised in the (‘.orona and forms so marked a l)hc- 
nomenon of the aurora. It has oven been observed to 
fluctuate in brightness and to be traversed hy flick cr- 
ime's and coruscations — to thrill, as it were, responsive 
to mysterious influences, precisely as we should expect 
on the supposition that it is analogous to the aurora. 
But lastly, as if to remove all doubt, comes the fact 
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that the light of the zodiacal gleam gives the very same 
sjiectrum as the a^xirora^ a spectrum which, as toe have 
already seen, resembles closely that of the corona, 

I have said that if we were not led by oui' considera- 
tion of the corona to anticipate as it were the existence 
of the zodiacal light, we should haYC to explain this 
latter phenomenon. Let ns view the zodiacal light 
apart for a moment. 

We have a gioAv or radiance which is commonly seen 
along the zodiac, — that is, in the region of the sky 
wlicre planets are to be looked for. This glow obeys 
all the usual laws observed in the motiop of celestial 
bodies. It rises and sets precisely as the fixed stars 
and planets are observed t5 do. If we travel towards 
or from the equator, it is seen higher or lower, pre- 
^cisely as the part of a planet’s path near the Sun’s 
place vniuld shift. It presents all those peculiarities, 
in fine, which force on the astronomer the conclusion 
that he has Jo do with an extra-terrestrial phonoincnoii, 
and a further peculiarity showing that it is a ^ihcno- 
mqnon specially associated with the planetary scheme.'^' 

^ Space fortids my ontoriiig liero into a considoration of tin' argu- 
ments ty \¥hich all other Ihoories of the zodiacal light may l)on(‘gativod. 
Til the Mtmthly Notices for Novemhor of the present year thoro will l)o 
<<;;I writev this in October) a paper of mine, showing by matbemat ical 
considerations of a very plain Icirul that the only admissiblo theory of 
the zodiacal light is that same theory which I have hero nrged in expla- 
nation of the corona, — the theory, namely, that thoro exists aroimd tlu' 
Sun a region, of meteoric matter continually clianging in configurat ioii 
and constitution, owing to the continual arrival and dopai’tnre of in- 
dnddual meteors. Every peculiarity of the zodiacal light is in accordance 
with this view, and many of its features, as also many features of tlio 
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It has therefore boco regarded by every astremomer 
■who has studied the subject with due attentiou, as in- 
dicatiug the cxistcuce of a lens-shaped region around 
the Sun within Avhich cosmieal matter is strewn with 
considerable profusion. 

Now, regarding the zodiac.al light in this way, and 
considering its general asjiect when seen under favour- 
able conditions, the oonclusion is forced upon us that 
the density ol aggregation of this coi^ynical material 
increases with proximity to the solar globe. Nor we 
see that tdic borders of the zodiacal light are very 
much fainter than the central part or core of the gleam. 
We see, again, that the light grows lirighter and 
brighter towards the horizon,— that is, with iiroximity to 
the" place of the Sun. And these relations are observed 
even in those countries where at certain seasons th6 
zodiacal light is vertical, and where thcr(;forc the 
actual arc separating its base from the Sun’s ]>hico is 
least at the time when the light is lirst visible after 
sxiTiset, or l)ef(>rc sunriso,. 

The ol)vious conclusion is, that if the zodiacal light 
could he traced yet iarther towards the Sun’s place 
this increase of lustre would coniimic, and that there- 
fore all round the Sun there would he seen a luinmosity 
corresponding precisely w'ith. the observed aspect of 
the corona. So that <ujnm wc are led hy the con- 

corona, wiom individually cxidicalflo ou no otlau' hypot.lubsis ; while 
assuredly no oliier tlusory eaii aeeoiinii lor aU tlio observed ptieuliardios 
of those roinarkablo phenomena (d'out* systimi. 


sideratioB of a wcll-recogTiiscd feature of the solar 
system to the conclusion that the corona is a ])]icno- 
incnon to he expected wlientlie Sun is totally ecli])secl, 
rather than one whose appearance should bo regarded 
as surprising and perplcxitig.'^' 

In conclusion I would remark that while the cxai^.t 
nature of the corona remains — and pcrha])s may long 
remain — a mystery^ I know of few instances in whi(‘.h 
the general nature of a phenomenon has secaned more 
:satlsfa(‘torily exhihited than in the case of the corona 
and zodiacal light. We hare the strongest negative 

To l.lio eoiisi(l(‘ra1 ions jil)ovo adduced, I nuiy a,dd ■winch nro 

touclied npon in a, piip(>r of mine which appeartid in 
for T'c,brii!iry last TI um’o is one T'ainrc ofcoTiu'ls’ tails,' I thcr( 0 >oint 
out, ‘ wliieli has since a1 traded attent ion, mid will ri'niind the 

reader of the pecidiarities common t.o tlu^ zodiiienl li}j^'hl, and the aurora, 
j, red'er to the sudden clningcs of hrilliancy, the flic.kcrin^'H or coruseat ions, 
and the i list Jint.a, neons leii|);t,luuiinp; and shoiii'iiiiijj,’ of these myst crions 
appendages^ Oil nu’s spoluMif “ explosions and p.nlsations, which in a 
few seconds w(uit t.rcinhling throngli 1lie whole length of a comet’s tail 
with the (vtFcct. now of lengthening now of ahridgiiig it. by si'viu'al dcgri'cs.” 
And tlic cmyicnlr malhemaiiciaii hluler w’a.s led hy t he ohsm’vation of 
similar a,ppt>ara,'nces to put, forward the theory “ ihat there is, a grt'af 
afflnih/ hetwem these tails, the zodiacal lif/ht, mid the mirorti horealis.'" 
The hi,tc Admiral Smyth, commenting on this opinion of Knh'r's, remarks 
that' “ most reasoners seem now to considiT coimds’ t.ails ns consist ing of 
electric matter ” (ihat is, I suppose, iiHiicaling the occurrenci' of elect ri(‘ 
dit*tdiarges), adding that “ this would account for the umhdntions and 
otjicr appeai’ances which have liocn noticed— as, for instanci', that: extra- 
ordimiry one scon hy Chladni in '■'the comet of 1811, wln'n cert ain 
unduhitory ehullilions rushed from the nncloais to tht^ end of the t ail, a 
dista,iice of more than ton millions of miles in two or three siH'onds of 
time,” To this may ho added thetlioory suggi'stcd hy >S)r John llcrscdn'l, 
that the mat-tor forming the zodiacal light is “ loadiul, perhaps, with tin' 
act-^al mat(*ria1s of tho tails of millions of comets, which havii hoftn 
Ht-ripped of tlu'se appendages in tho course of successive passages round 
the immediate neiglihoiirliood of the Sun.’” 
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cvlclence agcainst all other theories but one, and that 
one theory is confirmed by line after line of positive 
reasoning. To doubt what general view we should 
Ibrm of the corona and zodiacal light under these clr- 
(‘uinslances seems to me to savour— 720?^ of that wise 
caution which ])rcvents the true philosopher from over- 
looking dilficulties, but rather — of an inaptitude to 
estiinat.e the value of evidence. As to details we may 
1)0 doubtful. Other matter than meteoric or cometic 
inatt(M' may well be in question ; other modes of 
producing light, save heat, electricity, or direct illumi- 
nation, may be in operation in this case; and lastly 
ihtn’O may be. other forces at work than the attractive 
inlhienc.o of solar gravity, or the form of repulsive 
i'orcc (^vidoiKicd by the phenomena of comets. As 
iH'gards, also, the true shape and position of the coronah 
and zodiacal appendage — and yet more as regards its 
variations in shape — we may still have much to learn. 

I hit of the general fact that the corona and zodiacal 
light (brm a solar appendage of amazing* e^^rtent and 
imjiortaiuag that they arc not merely terrestrial phe- 
nonunni, but worthy of all the attention astronomVs 
and physicists can direct to them, it seems to me that 
no rctasonable doubts can any longer be entertained. ' 
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CHAPTER VIL 

HIY%ICAL OOKDITIOJS' OF THE EUK 

In the course of the last four chapters a mimhcr of 
facts bearing on the physical condition of fhe Sun have 
been dealt with at greater or less length. Considered 
separately these facts arc full of interest and scorn to 
afford somewhat satisfactory information on the points 
they severally relate to. We feel little difficulty, for 
• instance?;, in giving a general interpretation to the dark 

lines of the solar spectrum, regarding them as iin- 
* doiibtedl^ d^ie to the existence of the vapours of certain 

metallic and other elements in the solar atmosphere. 
Wp regard with a certain confidence, again, the coiu'cp- 
tion that the spots are depressions of greater or less 
depth, and fmdher that the light received from the 
, umhra^of a spot shines through absorbing vapours, some 

of which exist at a greater*pressure and at a lower tem- 
perature than over the rest of the photosplierc. We are 
able, also, to form certain sufficiently definite opinions 
respecting the prominences, more particularly as regards 
the pressure at which their substance exists and tlie 
^motions to which they are subjected. While, lastly, the 
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corona has been studied with results which cannot but 
he regarded as trustworthy. 

Hut when we attciniit to coml)inc these several results, 
and I'urthcr to dctcnninc what the general condition of 
that orb may he which jircseuts these several features, 
we recognise at once that a problem of enormous 
difficulty lies before us. The more we have learned 
respecting the Sun, nay the more we have learned 
respecting those physical laws by which we arc to 
interpret solar phenomena, the more insuperable have 
our difficulties bc(;omc. It was easy to theorise when 
as yet but little was known. It was easy to suppose 
that the few physical laws wo imagined we understood 
sufficed to account for all the phenomena presented by 
the solar orb. Hut as one fact after another has been 
disoovered, the true complexity of the pi'oblem has been 
revealed to us ; and as the jffiysic.al laws wlfuii it is in 
our power to discuss and experiment on have Ikicu more 
earol'ully studied, we have begun to recogifisejiow very 
liinited our cxpiwicnee has liitlierto been. It is )»ot too 
much to say that theories respc(ding the Sun’s i)hysjc.al 
condition which would have, been regarded twenty years 
since as deserving of earef id study, have nowno wmrthicr 
standing in science than the idea ol Auaximandei that 
‘ the Hun is a great vessel filled with fire, at the top of 
which is an opening through which the lire escaiios.’ 

It is easier to consider those facts which have re- 
vealed to us the cnormuns difficulty of the iiroblcm we 
are n])OU, than to present any considerations tending 
to render our conceptions clearer. »* 
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In the first place, we recognise the fact that in the 
Sun the elements exist in conditions altogether differ- 
ent from those we are familiar with. This is true of all 
orders of elements, from those whose normal condition 
(as recognised by us) is gaseous, to those which at 
ordinary or even very high temperatures remain solid 
or liquid. For instance, metals which we can vola- 
tilise indeed in small quantities, and by the aid of 
special contrivances, but which yet we can only experi- 
ment upon (pro})erly speaking) when they are in the 
solid or liquid state, are present in the Sun as glowing 
vapours. But also gases which no amount of pressure 
01 icfi igcration we can command will cause even to show 
signs of approaching the liquid condition, probably exist 
in ceitain portions of the solar globe as liquids or even 
as solids. On the one hand, then, we have an incon- 
ceivably high temperature volatilising our most fixed 
elements nay, for aught we know, perhaj)s dissociating 
substances which we regard as elements into their true 
piimary constituents; on the other we have an incon- 
ceivably liigh j)ressure at a relatively inconsiderable 
distance beneath the photosphere^, reducing our so-called 
perfect gases into the liquid or solid form.* 

I do lot know that we have any snfficiont evidence that hydrogen, 
oxygon, nitrogen, and other gases wTiich wo call perfect, are really ox- 
eeptions to the general i-nlo that all substances are capable of assuming 
—under suitable conditions— the solid, liquid, and gaseous form. It is 
true that no pressure or refrigeration wo ca.n apply cau.sos those gnso.s to 
exhibit the least trace of those- qualities which the imqierfect gases ex- 
hibit at ordinary temporaturoa and pressures. In other words, the perfect 
gases, as their title implies, obey perfectly (1) the law assodatiiigden.sity 
ard pressure; and (2) the law according to which the relation of specific 
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In the next place, we liave lcarn.ocl of late to recog- 
nise on how very doubtful a basis many of the received 
axioms (almost) of physical science have been placed. 
No laws of science vycre perhaps move thoroughly 
accepted than those which were supposed to distinguish 
the solid, liquid, and gaseous states iroin each other. 
All idiysicists believed that a definite and well-marked 
change of condition necessarily accompanies the process 
by which gas passes into the liquid state, and very 
few were disposed to doubt that a corrcsi)oudingly 
distinct line of demarcation separates the liquid from 
the solid state. Yet the researches of Dr. Andrews 
have recently shown that under certain conditions car- 
bonic acid gas may be made to pass by absolutely in- 
sensible gradations from an undoubtedly gaseous to 
an undoubtedly liquid state; and it is recognised that 
what has been proved in the case of a singlc^gas is in 
all probability true of all gases and vapours. It has 
been also rendered highly probable that under suitably 

• . 

heiit H at? constant prossuro and constant vohimn remains const ant. .Hut 
it is known tlial: iinperlect gases at ordinary ttmiperatiires ami inus^svuvs 
seem very closely to obt^ these laws, tlu>ug:h as they approach more and 
more nearly to the eirc.uinstiinccs niuhn- which iln^ lu'coino licpiid 
(whether through increased pressure, sim[>le refri genii ion, or lioth com- 
bined) they depart in a nuirkcd way from these laws. A ml it is prohahio 
that if t he itn perfect gases could be^cxpcrinimitcil on at cnornflmsly higli 
temperatures and low pressures, they would be found to obey theahovo- 
iiamed laws as perfectly to all appearance as tho perfect gases do. All 
wo can assert rcs[)(‘eting tho porfoet gases is that none of tho jiroeesses 
of combiuod pressure and refrigeration lntlicrtoapj)Hed~-perhaps nom^ wo 
arc capable of applying—bring them oven so far towards the state under 
which they would hocomo licpiid as the hnperfoct gases are brought 
under ordinary pressures and teinporaturos. 
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great pressure the passage of a molten ni(‘tal to the 
solid fonuj or conversely tlie melting of such a, im‘ta.1, 
may take place in a gradual manner, so that a.t a, (Ha’lain 
stage of tlic process it shall he impossifh* to say 
whether the metal or certain portions o(‘ it Ix' li<[ul(l or 
solid. 

Another physical law had hecn thought to lx* 
thoroughly established. It had Ixam sup{)os(‘d lh;it 
the whiteness (or true incandesenixxf) of tlanx‘ was diui 
to the presence of minute ])arti(‘h‘s ol ino;unles<*ont 
matter. But Fran klaiul has shown that wilh incri'aso of 
pressure tlie faintly luminous light ofhurifuig Iin drogen 
may be rendered bright, and that by suifx*iently in- 
creasing the pressure tlie spcu'trmn of lh(‘ light Ixx'onies 
contiuuoiis. So that what had betai supposcal (IumuosI 
^narked eharaeteristic of ineaudes<‘i‘nt. solid and rn[iii(l 
bodies, is thus shown to he a possible, rharael eris- 
tic of tfic light of glowing gas. Thus tlx‘ whole 
basis of our reasoning (\vhl(‘li had Ixxm thought so 
sound) rgspeeting the acdaial (‘.ondition of th(‘ sohir 
idiotospherc, wdictlier as evidemuxl by dinx*! l>bser- 
vatron or by analysis with the sp(X‘tros(*ope, has been 
shaken. 

• Yet again we have learned to laxxjgnist' the fatd 
that tlig inuigiiuid limits to the raiadiietion at. wlfieh 
gases may subsist, as sueh, had Ixam phuxxl far too h>w. 
Our (^.xperiinenters have gone iixhxxl v('ry fai’ towards 
the prodiutiou of an actual vae.iuim, without, obtain- 
ing any evidenee that the almost inliniti'simal (piantity 
of gas wbicb can alone remain in the so-ealled 
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Yacuum-tulbcs, bcliavcs otherwise than at appreciable 
pressures/'^' 

It will he seen at once how importantly this bears 
on the subject of solar physics, since it compels us to 
reconsider all our ideas respecting the probable limits 
of atmospheric cnv'clo])Cs ; and the most dilHcult ques- 
tions of solar ])hyslcs are precisely those which depend 
on this matter. Unfortunately the observed fact gives 
us no new means at present ot lormiiii^ a satisfactory 
o[)iuion as to atmospheric limits. Even if it should be 
regarded as demoustratlug that there is no real limit 
to atmospheric extension, we should still be no nearer 
than before" to a deterini nation of the atmospheric 
pressures at the surface of the Sun or of any planet 
except our own Earth ; and this is the problem which 
chiefly concerns us here.f 

* ^riu'y liilvo ciUTlcd Oio rarcfacl.ion ko far tliaillio clt'eh’ic spark will 
no longer tL‘avors(! ttiiiuous niediuiu ; and sonu^ liavo*^)Cien led to 
suppose tliat wlnui lliis stale, of tliiiigs kas Ikhoi broiiglit akoni, tlioro 
must la^ ail actAuil va(.Miu!n. No siieli eoiielusioii can 1)0 rega.rdod, liow- 
c.vei*, 1, will not say as diononslva.i/ed, bul-a.s probable or fivon^eoue.uivablo. 
.:\ll tlui ^wideiico wo luivo toads to sbowtluit au absolul.e yaounu is as 
imaginary a (’onco]»tiou as Ibe pliil(>so])lua’ s stone, or t.ho porjietinal motion. 
Talu) tho niostslalili^amldonso metal, platinum, and coueeivo tliatibr a 
moment in tlio lu'artof a, mass ofsiieli nudal tbere was a vaeiioiis spac(‘; 
then in an instant tbat spaeo would bo oecnpiod. Nor, oven setting aside 
the, probability that the most solid metals undergo a, n iiid(', finitely miiuTte 
but still real dissipation at their snrfaees, eoiTospomliiig to that dissii^i- 
tion whicli ice undergoes at the lowes>t,e,nip(' rat arcs y(>texporiinontod on 
setting aside, I say, this protiability, there yet remains tho certainty that 
in. tho intimate nioleicular stanielure ol tln^ platinum a perfectly Iroo coin- 
munieatiou exists between tlie imagined space within and tho spaco 
without. Tho communication is not, indeed, sueh as suffices for tho 
conveyance of certain ibrms of matt, or or of motion ; but that it is i^ono 
tho less real on that account cannot bo quijstionod. 
t It would, indeed, bo pleasant to theorise on this matter,— to concluc^®, 
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Still furtherj in considering the Suns physical con- 
dition, we have to discuss the effect of motions wliolly 
surpassing in velocity any that we are familiar with on 
Earth, and therefore a fortiori any that we can experi- 
ment upon. Setting aside the fact that matter from 
Avithout must continually be falling upon tlic Sun (in 
whatever condition) Avith velocities such as have been 
dealt with in Chapter IL, Ave have the observed fact 
that moveinenj^s fairly comparable Avith these have been 
recognised in the very substance of the Sun by the aid 
of spectroscopic analysis. Now, what means have Ave 
for determining the probable effect of motions of 100 
miles per second taking place even among substances in 
conditions such as Aveare familiar Avith? We know the 
effects of certain velocities ; we see the bullet melted as 
^t reaches the target, the meteor vaporised as it speeds 
through^the air. But we have no means Avhatever of 
determining what effects avouIcI be produced by veloci- 
ties enormously exceeding even, the inconceivable 
velocity df many meteors. When to this avg add that 
the swift motions referred to take place amid depths of 
vaporised metals, and, for aught we know, over seas 
and continents of liquefied and solidified gases, Ave may 
well shrink from the task of attempting — at least in the 

for example, that every planet coula have just so much atmosphere as 
corresponded to the rauge of its attractive infliieucos; aii'Jconsotp-iently 
to deduce the atmospheric pressure upon the Sun. But jio conhdenco 
could he placed in such theories. For, on the implied supposition, quite 
other forces than attraction would have to be considered. And, further, 
it vTDulcl bo an inevitable consequence of such a state of things that as 
the planets changed their relative positions, the atmospheric pressure at 
the surface of each would vary. 
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])resent state of our knowledge — to estimate tlieir 
probable effects. 

I confess, therefore, that at this stage of my subject 
I am very far from sharing that confidence which I 
find some men possess in dealing with ])robleins of 
solar physics. I shall not ]>rctcnd to place all the 
])hcnomcna in that due order in which they a])pcar m 
the theories hitherto propounded. I can only look on 
with a sense of bewildered admiration '\:idiile the pro- 
lessors of rival theories exhibit the physical habitudes 
of the Sun as obviously explicable according to con- 
tradictory hypotheses. I must admit that it seems to 
me that only a very energetic forgetfulness of a large 
proportion of the evidence can account for the adoption 
ol‘ these theories. I must content myself, therefore, with 
an exceedingly briel‘ statement of certain general rela- 
tions, which arc all that I find satisfactorily c-"^hibited 
by what has as yet been learned respecting the Sun. 

We have in the Sun a vast agglomeration of the 
elements we arc familiar with on Earth ; and this vast 
agglomeration is subject to two giant influciu‘,cs, pro- 
ducing ill some sort opposing cfic(‘ds — viz., a tenpierature 
far surpassing any we can form any conceptions of, 
and a jircssure (throughont nearly the whole extent of 
the solar globe) whiidi is perhaps even more cTlspro- 
portionate to the phenomena of our experience. Each 
known element would (beyond all question) be 
vaporised by the solar temperature at known pres- 
sures ; each would (there can be little question) be 
solidified by the vast solar pressures, did tliese occur at** 
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known temperatures. whetlier under these cii- 

ciimstances the laws of gaseous diffusion prevail wliere 
the elements are gaseous in the solar globe ; whether 
where liquid matter exists it is in general bounded in a 
definite manner from the neighbouinng gaseous matter; 
whether any elements at all arc solid, and if so nndei 
what conditions their solidity is maintained and the limits 
of the solid matter defined — all these questions are 
such as we vuist answer before we can form a satisfac- 
tory view of the solar constitution; and yet they are 
questions which we have at present no means of 
answering. Again, we irnist learn how far combustion, 
properly so called, can take place witlun the Suift:? 
mass, and whether those processes which \vc recognise 
as combustion are the only processes of coinbustiou 
^ which can actually take place there. For aught that is 
yet kn(jwu, the intensity of the forces at work upon and 
within the Sun may wholly prevent the occurreiuio of 
any processes of combustion familiar to ourselves; 
while dther processes of true combustion altogether 
unthought of by us may be in continual action. 

Assuming, however, that some general rosemblaucc 
exists between the processes at work upon the Sun 
and those we are acquainted with (the wildest assiimp- 
* tion ]^ossihle), we may imqginc that the various elements 
in the solar substance ordinarily exist doAvn to certain 
definite levels in the gaseous form, at lower levels 
(definite for each) in the liquid form, at yet lower 
levels in the solid form. That part of each clement 
% which is gaseous must again be divided into two por- 
tions — that whose light is capable of giving charac- 
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teristic spectra of lines or bands (these spectra being, 
however, different for portions lying at different depths), 
and that lower portion whose light is capable of giving 
a continuous spectrum. 

Now, here we approach the great difficulty of inter- 
preting the results of the spectroscopic analysis of the 
Sun. We have no means of learning whence that 
part of the light comes which gives the continuous 
spectrum. When we recognise certain dark lines, 
we know certainly that the corresponding element 
exists in the gaseous form at a lower temperature than 
the substance which gives the continuous spectrum. 
And so, also, we can interpret the appearance of bright 
lines. They show beyond question that the corre- 
sponding clement exists in the gaseous form at a higher 
temperature than the substance which gives the con- 
tinuous spectrum. But as regards that continuous 
spectrum itself we can form no such exact opinion. It 
must be remembered that a substance giving a con- 
tinuous spectrum is not necessarily opaque to light 
fj’om a substance at higher temperature also giving 
a continuous spectrum. It is capable of cx^ircising a 
general absorption, but not necessarily (nor probably^ 
under such conditions as exist in the Sun) of exercis- 
ing an absorption at once gciKjral and complete. Hence 
we have no means of determining how great a depth of 
the solar substance is concerned in sending out the 
light which gives the continuous background of the 
spectrum. This light may come from the surface 
layers only — but it may be a shell whose thioknese* 

. c c 2 
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forms no inconsiderable aliquot part of tlic Sun s 
diameter.'^ And the reversal of the lines of certain 
elements, although it cannot take place at such exces- 
sive depths, may yet take place very far below the 
visible limits of the photosphere. For, as I have 
already shown, a depth of a few hundred miles would 
be wholly inappreciable in the most powerful telescope 
(spectroscopically armed), and so no peculiarities would 
be recognised-as the result of processes taking j)lace 
within such distances of the solar surface, however 
diligently the edge of the solar disc might be examined 
with the spectroscope. And, further, as^ respects the 
examination of the Sun’s edge, on which so much stress 
has been laid, it is far from unlikely — if, indeed, it is 
not to be regarded as certain — that the visible edge of 
""the solar disc lies considerably above the true limit of 
the photosphere. That light at the Sun’s edge which 
seems to belong to the hemisphere of photosjdievici 
matter turned towards us comes probably from parts 
of the photosphere which lie really beyond the ])orders 
of^that hemisphere, and are simply brought into view 
through the refractive power of the lower layers of the 
solar atmosphere. I am not here venturing a incL’C 
opinion or conjecture, — though I profess no certainty 
of conviction in the matter. We have the evidence of 

* This is in no "way opposocl to tho ovidonco aclducod hy Sir Tolni 
JTorschel from the apparent nuiformity of light derived from a glowing 
and transparent liquid not uniformly deep ; for every pn,rt of siieh a 
liquid (at least in Sir John HersclnTs experiment) is ub uppreeiahly 
the same temperature. If the lower layers could he heahul to a highor 
^ temperature, the effect of depth would become apparent. 
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facts — observed by Carrington^ Secclii^, and others — 
showing that the motions of the spots across the solar 
disc are really affected, as respects apparent rate^ by 
the refractive power of the solar atmosphere. And it is 
iiwpossible to doubt that if the apparent place of a spot 
can be affected in this way, then the solar regions 
beyond that hemisphere which is turned towards us at 
the moment, must bo brought into view and form the 
real limits of the solar disc.'^‘ . 

I am sensible that I am not making definite state- 
ments as to the Sun’s condition, but only stating diffi- 
culties. The difficulties are real, however, not imagi- 
3iary, and ignoring them can serve no useful purpose. 

Wlicn we turn to the details of the solar orb 
nnd its surroundings, we find the evidence slightly 
more definite; but still great difficulties surround us.* 
In the course of the several chapters bearing ,pn these 
matters nearly all the known facts which bear directly 011 
the views we arc to form respecting the Sun’s physical 
constitution have been discussed as they lutve been 
described, so that but few words about the several solar 
features arc here called for. 

Taking the actual telescopic aspect of the solar spots 

* This roally aniouritH to fiayiiiiEJf I'luit tho tlarth, U' viewed ifrom tl*3 
.solar photosphere', would b(^ visibli? above the solar liorizoii (as mir 
Sun is idler real Huuset iuid belbre rofil suiiriso) when the ^uoinetriciil 
liue to her passed helow that horizon. Wo cannot donht that the solar 
iitinosphcia^ would exert this rofriictivc', effect at least as powerfully 
as our own ; iind it tho Earth could h(^ se.on in this way from psirts of 
the Sun reiilly turned awiiy from her, t-heii (uu’tjiinly those parts of the 
Sun must he visible from tho Eiirtli; for a visuiil ray passes along the 
Sidino path from whicliovor of its oxtromitios wo suppose it to travel. 
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and their surroundings^ a perplexing series of problems 
is suggested. These problems are indeed so perplexing 
as abundantly to justify the disagreement hitherto 
found among theorisers. Admitting the spots to be 
depressions^ what is the real disposition of the matter 
which produces the appearances we call faculm — penum- 
bra — umbra — nucleus? The penumbra may belong 

to a lower layer ; but the general arrangement accord- 
ing to which the willow -leaves on the penumbra point 
inwards towards the umbra seems to indicate a real 
connection between the penumbra and the faculous 
bordering. This arrangement is indeed sometimes so 
marked that one is led to imagine that 'the so-called 
willow-leaves are filamentous bodies which usually 
hang in a nearly vertical position and so appear nearly 
• round, but when thrust aside during the formation of 
a spot hang nearly horizontally, the ends which had 
been lowest floating like streamers towards the region 
whence they had been removed. If we could but con- 
ceal from ourselves a large portion of the evidence we 
have (or else explain it away) this view might be 
insisted upon with pleasing confidence ; but as a matter 
of fact it merely serves to indicate the impression 
‘produced by certain phenomena, and has at present 
ho vahie whatever.* ^ 

A great difficulty lies in the fact that we have no 

* Lest I sliouldliere be supposed to "be too curtly criticising the views 
of others, let me hasten to say that the fancy thus summarily rejected in 
my own, and, so far as I know, as original as it is prohahly valuoless. 
^ Yet I have not introduced it without a purpose. There is at least as 
*!much evidence in its favour as in favour of many theories which have 
been very confidently put forward. r 
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clear eridence to show whether the Sun-spots are 
formed by forces acting from without or from within. 
Here I set on one side the theory that in a spot we see 
a reo'ion where a great heat has dissolved solid or 
liquid or cloudlike matter forming the photosphere, and 
that thus the intensely hot, but feebly radiating gaseous 
nucleus of the Sun (according to this theory) is dis- 
closed. Kirchhoff has fairly disposed of this theory 
by showing that this intensely hot nucleus would be 
transparent to the light from the farther side of the 
Sun, and that therefore no spot could appear un- 
less two openings on opposite sides of the Sun 
happened to be in the same visual direction.* I 
refer now, not to this or similar theories, but to the 
definite problem, whether the seat of that action which 
leads to the formation of a spot lies below or above- 
■ the level of the photosphere. The spectroscoioe shows 
that a spot is a region where certain gases exist at a 
lower temperature than in other parts of the Sun. 
But whether this low temperature resmts from the 
expansion of compressed gas erupted from the Sun,^ or 
Ironi the fact that matter has reached the Sun from 
outer space, remains as yet altogether unknown. 


* I'r. Hrcctii was origiiml propouudti' of lliis thuuiy (not M. 
Kiyis, to whom it is usimlly iiHurihedl. Tlu^ thoovy roally dort aeooxxnt 
for many observed features of the solar spots, but it is mmo the loss 
untomible. I'r. Socchi’s answer to Kirehlioffs objection would sooni to 
indicate that bo has not rocognisod the exact force of that objoction. He 
saVH it is not true that a gaseous nuclous would be porfoetly transpa- 
rent to rays from tho further side of the Sun, for we B(.'n that our own 
atmosphere absorbs light as well as heat. Kirehhors argiimont ,s titat 
tlio solar nuclous would he transparent on account of its existing at a^ 
higher temperature than tho photosphere— according to the theory a. 

^ *‘ast whicli lie deals with. 
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Again^ as to the prominences^ it seems to be demon- 
strated that they are due to some form of eruption 
and only assume the cloud form after the eruption 
which gave them birth has ceased. But what are the 
circumstances which give birth to these eruptions^, 
what the nature of the layer (Zdllner’s Trennung- 
schicht ’) beneath which the eruptive action is prepared, 
and what the actual depth whence the erupted matter 
springs, we have very little to show. 

And lastly, as to the corona and the general rela- 
tions involved in the access of external matter from 
the interplanetary and intersidereal spaces to the 
neighbourhood of the Sun’s globe, we have, I appre- 
hend, small means of forming an opinion. The con- 
dition, indeed, of the space which lies immediately 
"around the Sun is very little understood by us. It 
may be fhat in the study of the corona during total 
eclipses we may find a means of answering the many 
perplexing questions associated with this matter. It 
may evcii be that new appliances may enable us to 
study the corona when the Sun is not eclipsed, and so 
to learn whether systematic processes affecting the 
Sun’s economy are at work in the region immediately 
surrounding him. At present our information on this 
subjeef is meagre in the extreme ; and our means for 
acquiring information are far from promising. Here, 
as in so many matters related to the physical constitu- 
tion of the Sun, we must perforce wait until our 
experimental knowledge and our instrumental means 
'Jjave been very largely increased. 
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CHAPTEE VIIT. 

THE SUN OUR FIRE, LIGHT, AND LIFE. 

Few of the resnlts of modern scientific vesearcli are 
more remarkable than the recognition of the real ex- 
tent of the influence which the Sun exerts upon the 
Earth. Of old the Sun’s power as ruler over the sea- 
sons, his action upon vegetation, and other like m- 
flucnces, wore recognised in a vague and general way. 
But men were far from regarding the Sun as the true- 
source of many forms of force which seem almost 
equally important. Still less were they prepared to 
trace his influence in nearly every kind of action or 
mode of motion taking place upon our J,dohe. It is 
the most striking feature of recent scientific research 
that it has taught us to see in nearly all terrestrial 
phenomena the action of a certain proportion of Sun- 

force. , ^ 

Wo owe to the greatest, astronomer of ourtime-^ 
Sir John Ilerschcl-the first definite enunciation of 
this great principle. ‘The Sun’s rays,’ he wrote in 
1833, ‘ are the ultimate soiu'cc of almost every motion 
which takes place on the surface of the Earth. By its 
heat are produced all winds, and those disturbances in 
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the electric ec[uilibrium of the atmosphere which give 
rise to the phenomena of lightning, and probably also 
to terrestrial action and the aurora. By their vivify- 
ing action vegetables are enabled to draw support from 
inorganic matter, and become in their turn the support 
of animals and man, and the source of those great 
deposits of dynamical efficiency which are laid up for 
human use in our coal strata. By them the waters 
of the sea are made to circulate in vapour through 
the air, and irrigate the land, producing springs and 
rivers. By them are produced all disturbances of the 
chemical equilibrium of the elements of nature, which 
by a series of compositions and decompositions give 
rise to new products, and originate a transfer of mate- 
rials. Even the slow degradation of the solid consti- 
"tuents of the surface, in which its chief geological 
change ^consists, is almost entirely due — on the one 
hand to the abrasion of wind or rain and the alternation 
of heat and frost, on the other to the continual beating 
of sea-waves agitated by winds, the results of solar 
radiation. Tidal action (itself partly due to the Sun’s 
agency) exercises here a comparatively slight influence. 
The effect of oceanic currents (mainly originating in 
that influence), though slight in abrasion, is powerful 
in diffusing and transporting the matter abraded ; and 
when we consider the immense transfer of matter so 
produced, the increase of pressure over large spaces in 
the bed of the ocean, and diminution over correspond- 
ing portions of the land, we are not at a loss to perceive 
tow the elastic force of subterranean fires, thus 
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repressed on the one hand and released on the other, 
may break forth in points where the resistance is barely 
adequate to their retention, and thus bring the phe- 
nomena of even volcanic activity under the general 
law of solar influence.’ 

Since this was written men of science have learned 
to enounce the complete law of the ‘ conservation ot 
solar energy,’ as applied to the organic and inorganic 
w^orld. That which was put forward in_a general way 
by Sir John Hcrschcl has been made the subject of 
special scrutiny. We have learned how to weigh and 
measure the Sun’s action and the force-supplies which 
we derive li'om it. 

Let us take first the supply of heat the Earth derives 
from the Sun. We shall have much to excite our 
wonder, whether we regard the real vastness or thq 
relative minuteness ot this supply. _ 

From the researches of Sir John Herschel it appears 
that the direct heat of the Sun, if ‘ received on a surface 
capable of absorbing it and retaining it, woijld suffice 
to melt an inch of icc in thickness in 2h. 13m. ; ’ and 
he thence calculates that no loss than 26,000 tons of 
ice would be melted per hour by the heat actually 
thrown on a square mile exposed at noon under the 
equator. This amount must be multiplied fifty millien 
times to correspond to the heat actually received by 
the Earth’s globe during a single hour. Pouillet ob- 
tained results not differing very greatly from these. 
He calculated that an interval somewhat greater than 
2h. 13m. would be required to melt a layer of 
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ice one incli thick.* Expressing his result according 
to a somewhat different method^ he states, again, that 
if the Sim’s heat were distributed uniformly over the 
Earth’s surface ‘ it would in one year suffice to liquefy a 
layer of ice 100 feet thick, or to heat an ocean of fresh 
water sixty-six miles deep from the temperature oF 
melting ice to the boiling point.’ 

Yet this enormous annual supply of heat is but the. 
1-2, 138, 000,000th f part of that which the Sun actually 
radiates into space in the course of a year. All the 
planets of the solar system are able to intercept but 
about the 227-millionth part of the heat actually emitted 
by the Sun. There is a fine passage in Hefschel’s ^ Out- 
lines of Astronomy ’ which shows how enormous is tlic 
amount of heat deduced by increasing in the ratio above 
vindicated the supply of heat actually received from the 
Sun by the Earth : — ^ Supposing a cylinder of icc forty- 
five miles in diameter to be continually darted into the 
Sun ivith the velocity of light, the heat now given ofi- 
constantly b^ radiation would then be wholly expended 

* The actual relation between Pouillet’s and Horscliol’s results tuny 
be tSius expressed. Sir John Uerschol deduced 43’39 feet as the thick- 
ness of ice which the Sun is capable of melting" per minute, sup[>osing 
the ice continually applied to the Sun’s surface (and the water pro- 
duced byits fusion contiimaUy carried off). Pouillet deduced 38-7 foot per 
second, ^ir John Herschel says that 40 foot may be regarded as a pro- 
bable mean. (It will be noticed tSiat, with eharactoristie modesty and 
generosity, he places the mean much nearer to Pouillet’s "vnliio than to 
his own.) 

t It is singular how persistently the number 2,300,000,000, calciilahHl 
by Mayer, maintains its ground in scientific treatises. This mirnlior 
wivs correctly deduced from the old value of the Sun’s distance. Put: 
the above is the true value, according to the best modern estimates of 
,-the solar parallax. 
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ill its liquefaction on the one hand, while on the other 
the actual temperature at the Sun’s surface would 
undergo no diminution.’ 

The luminosity of the Sun’s surface is more readily 
estimated than the heat, since the intrinsic brilliancy of 
a self-luminous substance is in no way atfccted by 
distance ; and we have only to take into account the 
effect which our own atmosphere may have in diminisli- 
iiig the apparent brightness of the Sun in order to form 
an accurate estimate of the intrinsic brilliancy of the 
Sun’s light. Comparisons have been instituted directly 
between the light of the Sun and that of known 
terrestrial lights. It has been found that the most 
intense light wo can i)roduce appears absolutely black 
by comparison with the lirightncss of the solar orb. 
It has been estimated that the intrinsic brilliancy of the' 
Sun’s surface exceeds more than 146 times the bril- 
liancy of the lime-light, and 62,700 times that of a sperm 
candle. In order to conceive the real amount of 
light to which a body close by the Sun— within a foot, 
say, of the photosphere— would be cxi)osed, we must 
conceive the amount of liglit we receive in the full 
splendour of a summer’s day increased in the same 
proportion that the whole hemisphere of sky exceeds the 
solar disc,— besides, of courjjc, a further addition corrS- 
sponding to the proportion in which the brilliancy of 
the solar disc, if viewed without the interposition of 
any atmosphere, would exceed the actual brilliancy 
observed on a summer day. 

Of the chemical activity of the solar rays, it is not ip 
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our power to speak with so much confidence^ since we 
have not as yet measured the Sun’s power in this respect 
in a way wliich enables us to pronounce on its real 
extent. We can compare the intensity of the Sun’s 
chemical action with that of terrestrial lights ; but we 
have not yet found a means of determining its value 
as compared with those forces which the chemist more 
ordinarily employs to produce chemical changes. 

It is worthy of notice, as respects the last two forms 
of solar activity, how large a share of the force we 
derive from the Sun is obtained through their action. 
This will be apparent when we remember the impor- 
tant bearing of the processes of vegetation on the 
wants of the human race. ^ Nature,’ says Mayer, 

has proposed to herself the task of storing u]) the 
•light which streams earthward from the Sun — of con- 
verting ^the most volatile of all powers into a rigid 
form, and thus preserving it for her purposes. To this 
end she has overspread the Earth with organisms, 
which^ livin'^, take into them the solar light, and by 
the consumption of its energy incessantly generate 
chemical forces. These organisms are plants. The 
vegetable world constitutes the reservoir in ivltich the 
fugitive solar rays are fixed, suitably deposited, and 
fiindered ready for useful application. With this 
process the existence of the human race is insepaxabh/ 
connected. 

And even if we regard the effect of the Sun’s heat as 
exerted upon the oceans and continents of our globe, we 
;|nd that a large proportion of that which is eventually 
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utilised by rnanj in one way or another^ is first made 
subservient to the processes of vegetation. When the 
Sun’s rays are poured down upon the ocean, or on 
parts of the Earth’s surface in which wuiter is abundant, 
the heat raises into the atmosphere large quantities of 
aqueous vapour. And this vapour, rising by reason 
of its extreme lightness, reaches eventually a region 
where it is condensed into clouds. Again, the heat of 
the Sun j)r()ducing various effects, according to the 
nature of the regions on which it falls, gives rise to 
those differences of temperature which result in the 
generation of winds. By the agency of winds the clouds 
arc transferred from the place of their formation to 
regions which require to be nourished by copious 
showers. And thus winds and clouds combine to support 
vegetation. The winds convey the clouds from place* 
to place, and tlie clouds themselves, in the expressive 
language of Scripture, ‘ drop fatness on the earth.’ 

It is worthy of notice, too, that besides the action 
of the Sun in supporting vegetation at’tluj present 
time. It was the same form of action exerted in long- 
past ages which resulted in storing up for our *1180 
those vast sui>plics of energy whicdi are contained 
within our coal-mines. In other words, what may b'e 
called our forcA’-jiTinci.pul is as fully duo to the Suit’s 
action (direct or indirect) in promoting vegetation as 
forcd-intertiitt which wo derive each year from the 
Sun’s seasonal action. 

And hero I may be permitted to dwell on consider- 
ations which, though bearing rather on the economy 

K ^ 
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of our Earth than on the general subject of solar 
physics, yet illustrate in a significant manner the work 
which the Sun has been appointed to do. I may 
premise^ indeed, that we have no means of determining 
what the Sun’s influence on the other planets may he, 
however clear it may appear to us that we are not the 
only, nor even the chief, recipients of those stores of 
force he lavishes so abundantly. It is on this account 
that while I give to this treatise a title indicating the 
Sun’s position in the solar system, I deal only in this 
chapter — the sole one bearing on the Sun’s office — 
with his position as our fire, light, and life. If in the 
considerations I am about to urge the Earth only 
seems concerned, it is none the less probable that 
results affecting the economy of the whole planetary 
rjscheme are in truth illustrated. 

We are accustomed to look upon the Earth as an * 
inexhaustible storehouse whence all our wants may be 
supplied. Year after year wc till the soil, and still 
there is no lack in the growth of all the vegetable ])ro- 
ductions needed by man ; nor do our flocks and herds 
diminish, notwithstanding the enormous supplies of 
flesh-meat we are continually consuming. Taking the 
whole Earth, it is probable that the yearly produce of 
agricultural and pastoral labours increases at even a 
higher rate than that at which the human race is in- 

o 

creasing, so that were man content, as in old times, to 
draw upon the Earth’s stores for the supply of his 
ordinary wants, there would be little fear of that store 
being ever exhausted. 


$ 
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But of late a change has passed over the aspect of 
he world. On every side a multitude of new inven- 
ions, and with them a multitude of new wants, are 
naking their appearance. The stores which had been 
garnered up during long past ages of the Earth’s 
listory arc being consumed with a rapidity which has 
ilrcady begun to alarm our men of science. It is true, 
ndeed, that tliere is as yet little room for feai-in<r that 
he tcrrestial storehouse will soon be cleared of its 
jontents. Even if the coal-mines of the world should 
30 exhausted, thei-e are still other force supplies ; and 
loubtlcss the present rate of consumption might be 
jontinued, or even an increased rate maintained, for a 
period which seems indefinitely long when compared 
with the short span of life allotted to man. 

But, after all, what are a thousand years, or even 
several thousand years, when viewed with reference to 
the history of the globe on which we live ? If it could 
be shown that within two or three thousand jears man 
will have exhausted all the .stores of force’ which 
exist within the Ihirth, it surely might bo urged wit|i 
fairne.ss that the present rate of consum])tion is unduly 
—selfishly great ; that the wants of future! races should , 
be considered, and that a chock should be put upon 
those processes of over-rapid advance on which wo arc in 
the habit of priding ourselves. Precisely as we should 
liold it to bo blamowoi-thy that a rich man should 
use, merely for imrposes of luxury or convenience, 
that which could be .shown to be absolutely essential to’ 
the existence of a largo number of his fellow-men, so '* 

n 1) 
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it mlglit fairly he held to be wrong for tlio present iii- 
liabitants of the Earth to exhaust, in contrivances 
intended to add to the luxuries or conveniences of life, 
those stores which are absolutely necessary to the well- 
being of future races. 

In dealing, for example, with the question of terres- 
trial coal supplies, it will not suffice to point out that 
for a thousand or several thousand years they may be 
drawn upon as at present, or even more largely, with- 
out exhaustion. The thousand or thousands of years 
will pass as surely as those which have already ]Kisscd, 
and the wants entailed by our wastefulness will be felt 
none the less, that for so many years there had been 
no failure in the supplies contained within the great 
terrestrial storehouse. What must be done, then, is 
®to show that hy the progress of that very course of 
events which results in the rapid use of those stores, the 
means will spring into existence of obtaining fresh and 
inexhaustible supplies. This is no idly speculative view, 
but the plain and obvious duty of the scientific world. 
Precisely as the superiority of civilised races over bar- 
barous tribes is shown in nothing more clearly than in 
the fact that the former are not content, as the latter are, 
merely to supply the wants of the moment, or of a few 
Says, but seek to make provision, not only for future 
years, but for the wants of their immediate descendants, 
so it behoves the leaders of the great movement wliich 
during the last few years lias so greatly changed the 
aspect of the human race, to show the superiority of 
-ihe new order of things by a careful provision for, and 
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anticipation of, the wants of the races which will in- 
habit the Earth thousands of years hence. 

Without discussing the various forms of work which 
are being done upon the Earth, or considering the 
various agents employed in producing the motive 
power by which those forms of work are set in action, 
it may be simply stated that at present nearly all our 
motive force is obtained from stored Sun- force. It 
would be difficult to point to a single’ work accom- 
plished by tlic aid of modern scientific appliances 
which has not resulted in exhausting to a greater 
or less degree the force which the Earth has been 
garnering up in long-past ages for our use. It is in 
this all-important respect that the more modern forms 
of machinc-wen-k differ from other forms of work. I 
refer, of course, to machines driven hj inanimate 
motive powers, and not to those worked by tRe direct 
action of animal lorcc. The machine draws upon the 
Earth’s (janicred stores,* while the living^ worker 
draws ^npon tlic hearth’s pmodical supplier of force. 
In the former case, that is being used up which cannot 
be replaced ; in tlie latter, what is consumed will be 
restored in the ordinary course of nature. In one* 
case it is our ^ force-principal,’ in the other it is oixx 
‘ force-income ’ we are corf^suming. The distinction 
is all-important. 


* Tlioso appliimco.s hi wliich advimtapjo is taken of tho action of tlio 
wintl, rainfall (rivers), tidal action, and a few otlior natural processes, 
are to bo e.xceptod. Modern invention, however, is but seldom directed, 
to tho utilisation of those old-fasliionod forco-snpplies. ' 

^ n i> 2 
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This is not the place to enter into a discussion of 
the methods hy which the great problem a problem 
not requiring immediate solution, hut which in the 
long run will surpass all others in interest aud impor- 
tance— is to he solved. But I may indicate what is, 
I take it, the direction in which a solution will he 
found. We are now utilising what Professor Tyndall 
calls the Sun of the Carboniferous Epoch : our 
descendants will have to employ the Sun of their c)wn 
epoch. The heat of the solar rays — inaylia]) also tlutir 
light and their actinic energy — must one day ho 
applied to work our machinery. Already mcnhai'c felt 
the advantage of thus employing solar energy. They 
have not, indeed, as yet applied the direct action oi 
the Sun systematically to their purposes.* But iir an 
'indirect manner they have utilised solar cnci’gy. The 
ships which sail upon our seas, the mills which are 
turned hy water or hy wind — these and many other 
devices of man have been contrived to utilise a portion 
of the Sun’s heat. But the proportion thus utilised is 
almost indefinitely small hy comparison with that 
which is actually available. It is only necessary to 
translate some of the ordinary phenomena of nature 
into the language of the familiar forces in order to sec 
that tfiis is so. Eor instance, the amount of energy 
involved in the production of rain is startlingly great 

* Ericsson lias constructed a machine in which the solar rays supply 
the primary motive force. It has not, however, yot boon domoiiHlriiU’d 
(though I have not the least doubt it will bo at somofuUiro opocli) that 
the solar heat can be employed in aprohtablc — that is, a ‘ mochanically 
advantageous,’ manner. 
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when compared with our ordinary estimates of force. 

I have calculated that the force expended in the pro- 
duction of a day’s steady i-ain over an area equal to 
that of the county of Middlesex would he equivalent 
to a mechanical power competent to raise 1,000,000,000 
tons to a height of three miles ! 

Professor Tyndall has put in a striking form the 
relation which exists between the simpler proeesses of 
nature and those effects which seem to ps the most apt 
exponents of power. ‘ I have seen, he says, the 
wild stone-avalanches of the Alps, which smoke and 
thunder down the declivities with a vehemence almost 
sufficient to stun the ohscrvei*. I have also seen snow- 
flakes descending so softly as not to hurt the fragile 
spangles of which they were composed ; — yet to produce 
from aqueous vapour a quantity which a child could 
carry of that tender material, demands an exertion of 
energy competent to gather up the shattered blocks of 
the largest stone-avalanches 1 have ever seen, and 
pitch them to twice the height fiom whicli they fell. 

And when we have thus seen what a tremendous 
amount of energy is Involved in such processes as* the 
formation of snow or rain in comparatively small 
quantities, we begin to recognise, though we are far 
from being able to conctiive, how cnormoHS is Hhe 
potential energy which supplies the rainfall of the 
whole Earth. We must remember, too, that a large 
amount of rain falls where it is not wanted, and that 
the energy of the Sun expended in the production of 
wind is in large part wasted. Clouds are raised ^y 


evaporation from the sea surface to fall on another 
part of the self-same waters. Storms are roused which 
blow with -vehemence for awhile, and then sink into 
rest without having accomplished an^ jmrpose neces- 
sary to the wants of terrestrial races. Here at once 
we see a large amount of energy not fully utilised. I 
do not indeed say that this apparently useless expendi- 
ture of force has no purpose in the ccononiy of nature. 
Doubtless, every iiatui al event has its end and object. 
What I would dwell upon is that if the energy which 
thus seems wasted could be made available to subserve 
human wants, it might be used without any fear that 
the economy of nature would suffer from Such an ap- 
plication of her energies. And if this is true of the 
application of the indirect e-ffccts of sobar energy, it is 
« fortiori true of the utilisation of the 8uifs direct 
action — that is, of those solar rays to which the winds 
and the rains are due. 

Now, if we assume that with the progress of science 
the powei\of thus employing to the full— or much more 
fully than at present — the forces which the Sun really 
expands upon the Earth will be acquired by man, wc 
recognise the probability that science viewed generally 
i^ one of the means by which the efficiency of the solar 
ei^3rgics.is enlarged and extended. What is true of 
onr Earth maybe regarded as in all probability true 
of other worlds than ours. As on our Earth so pro- 
bably in other worlds there arc or have been eras 
duwing which the beneficent power given to our great 
luminary is used without any consciousness of its 
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value. There are or have been more advanced eras 
when the return of day and night, the progress of the 
seasons, the nourishment of the lately sown seed by 
spring rains, and the whitening of the -fields into har- 
vest under the summer Sun, are watched with anxious 
interest. Then Ijiter follow the eras when the annual 
supply of truly vital energies seems to become insuffi- 
cient, and when garnered stores of force are utilised by 
the thoughtful or ransacked by the too eager. And, 
lastly, it may well be that in other worlds, as one day 
doubtless on our Earth, there will be eras when a 
more advanced degree of science will enable intelligent 
beings to deprive from direct solar action the means of 
obtaining even larger supplies of force than they had 
been able to gather from the Sun-work of past epochs 
(Tarnercd by nature for their benefit. • 

The ideas of the Sun’s true position in the solar 
system thus sugi>;cst.o(l lend an enhanced interest to the 
question wheuese the Sun liiinsclf derives and recruits 
his energies. -As Tyndall has finely wrlt^nn^ ^ XIow is 
the perennial loss made good? Wc are apt to overlook 
the wonderful in the common. Possibly to many of da— 
and even to some of the most enlightened among us — 
the Sun apiiears as a (ire, differing from our terrestrial 
fires only in the magnitii(le,and intensity of its^iombas- 
tion. But what is the bTirning matter which can thus 
maintain itself V All that wc know of cosraical phe- 
nomena declares our brotherhood with the Sun— affirms 
that the same const.itncnts enter into the composition 
of his mass as those already known to chemistry. But 
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^lo earthly substance with which we are acquainted — 
no substance which the fall of meteors has landed on ^ 
the Earth would be at all competent to maintain the 
bun s combustion. The chemical energy of such 
substances would be too weak^and their dissij)ation too 
speedy. Were the Sun a block of burning coal, and 
were it supplied with oxygen sufficient for the observed 
emission, it would be utterly consumed in 5,000 years. 

On the other hand, to imagine it a body originally 
endowed with a store of heat — a hot globe now cooling 
necessitates the ascription to it of qualities wholly 
different from those possessed by terrestrial matter. 

If we knew the specific heat of the Suir^ we could 
calculate its rate of cooling. Assuming the specific 
heat to he the same as that of water — the terrestrial 
^ substance which possesses the highest specific heat — 
then, at its present rate of emission, the entire mass of the 
Sun would cool down 15,000 degrees in 5,000 years. In 
short, if the Sun be formed of matter like our own, some 
means must^^exist of restoring to it its wasted power.’ 

We have not as yet the means of satisfactorily 
answering the question thus suggested Answers have 


^ * The absolute qaaatity of heat necessary to raise llio avera*n‘ tcni- 
peratnre of the Sun by any given amonnt~say one degree, and therc^- 
fjtre the absolute quantity of heat which comsponcls to the loss of say 
one degree of temperature from tho average tomponiture of the Sun. - 
will depend on the physical constitution of tho Sun. To say merely that 
the Suns substance subsists at such and such a temperature, is by no 
means sufficient to indicate the amount of heat which tho Sun is capable 
of imparting A mass of iron, for example, may be at a temperature pre- 
ci^ly equalling that of an equal mass of boiling water; yet the boiling 
water will give out far more heat while passing to any given lower tem- 
perature than the heated iron will. 
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suggested, but no answer has yet seemed so 
actory that men could regard the problem as dis- 
, of. Indeed ‘ the facts are so extraordinary,’ as 
lall has said, ‘ that the soberest hypothesis must 
ir wild.’ Whether we conceive, with Mayer and 
nson, that the Sun’s heat is maintained by the 
sant downfall of cosmical bodies gathered out of 
j by the Sun’s mighty attractive energies; or 
her we follow Helmholtz in supposing that the 
ual contraction of the solar orb is the mainspring 
e solar energies; or whether we believe, with Secchi, 
the dissociation of compound bodies in the Sun’s 
tance is 'a fund of force to be gradually exhausted 
as the dissociated elements unite in chemical com- 
tions ; or, lastly, whether we prefer the idea thrown 
by Sir John Herschel that mayhap the vital* 
gies of monstrous creatures — the willoAv-’^eaves ot 
myth— are the true source of the great luminary’s 
It, we have not overpassed by a step the amazing 
of conjecture appertaining to our subject. •Startling 
icse theories appear, they are not a whit more start- 
than the known facts which they are intended* to 
rpret. 

have no wish to enter hci’c into a detailed con- 
ration of any of the theories above referred t5; 
I wish to make a few remarks respecting those of 
mholtz and Thomson. 

V'hen wo consider the evidence forced upon us by 
present condition of the solar system, and by the 
ire of the observed motions taking place within iU 
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we find it difficult not to believe that two great pro- 
cesses have for uncounted ages been at work within its 
limits. On the one hand, the evidence is very strong 
in favour of the view that a process of contraction from 
a nebulous condition has taken place not only in the 
case of the Sun, but in that of the planets and other 
members of the solar system. On the other hand, the 
evidence is absolutely demonstrative that at the present 
time uncounted millions of minute cosmical bodies are 
, streaming in upon the Sun. We have, then, clear 
evidence that at least some portion of the Sun’s energy 
is derived in each of the two methods now dealt with. 
We can hardly conceive that the process *^of solar con- 
traction has come to an end; and certainly we have 
no proof in the apparent constancy of the Sun’s volume 
♦that the process has ceased, since Helmholtz has shown 
^that tji.e shrinking of the Sun’s diameter by one- 
10,000th part of its present length would generate an 
amount of heat competent to cover the solar emission 

for 2,000 years.’ Nor can we question that whatever 

€ 

energy may correspond to the velocity, mass, and 
distance of a meteoric body at any epoch must have 
been transferred to the Sun if at some later epoch the 
mass of the meteor has come (after whatever processes) 
tb form part of the solar ^globe. Now, without com- 
mitting myself to the opinion that the whole solar 
emission can be accounted for by combining these two 
causes, I must yet express the conviction that to forget 
the reality of these causes, their competence to account 
^for some aliquot portion (let its amount be what it may) 
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of the solar energies, Avould be a mistake, btor can I 
see any valid reasons for asserting positively that the 
two causes combined may not account for a very large 
proportion of the Sun’s activity. The irregular and 
perhaps intermittent supply of meteoric matter affords 
doubtless but an insufScieut explanation of the Sun’s 
copious and steady emission of heat ; but the process 
of contraction would act the combined part of a 
‘ governor ’ and an independent source of heat. 
Checked during tlie arrival of large meteoric supplies, , 
and proceeding more rapidly when those supplies were 
temporarily diminished, it would account for that ob- 
served steadiness of emission which forms so important 
a characteristic of solar action. 

I feel that I cannot bring this chapter more aptly 
to a conclusion than by quoting that noble passage in • 
which Tyndall closes his discussion of tlm same 
subject:— Presented rightly to the mind,’ he says, 

‘ the discoveries and generalisations of modern science 
constitute a poem more sublime than has ever yet 
been a'ddressed to the imagination. The natiiral 
philosopher of to-day may dwell amid conceptions 
which beggar those of Milton. So great and grand^ 
arc they, that in the contemplation of them a certain 
force of character is recpii^iite to jn-eserve ua froriS 
bewilderment. Look at the integrated energies of our 
wordd, — the stored power of our coal-fields, our winds, 
and rivers ; our fleets, armies, and guns. What arc 
they? They arc all generated by a portion of tbe 
Sun’s energy which docs not amount to the two-^. 
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milliontli of the whole. This is the entire fraction of 
the Sun’s force intercepted by the Earth, and we con- 
vert but a small fraction of this fraction into mechanical 
energy. Multiplying all our powers by millions of 
millions, we do not reach the Sun’s expenditure. And 
still, notwithstanding this enormous drain in the lapse 
of human history, we are unable to detect a diminution 
of his store. Measured by our largest terrestrial 
standards, suph a reservoir of power is infinite ; but it 
is our privilege to rise above these standards, and to 
regard the Sun himself as a speck in infinite extension 
— a mere drop in the universal sea. We analyse the 
space in which he is immersed and which is the vehicle 
of his power. We pass to other systems and other 
suns, each pouring forth energy like our own, but 
still without infringement of the law which reveals 
immutability in the midst of change, which recognises 
incessant transference or conversion, but neither final 
gain nor loss. The law generalises the aphorism of 
Solomon, that ^ there is nothing new under the Sun,’ by 
teaching us to detect everywhere, under its infinite 
variety of appearances, the same pinmeval force. To 
Nature nothing can be added; from Nature nothing 
can be taken away ; the sum of her energies is con- 
stant, '"and the utmost m^n can do in the pursuit of 
physical truth, or in the applications of physical 
knowledge, is to shift the constituents of the never- 
varying total. The law of conservation rigidly 
excludes both creation and annihilation. Waves may 
exchange to ripples and ripples to waves — magnitude 
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may be substituted for number and number for mag- 
nitude — asteroids may aggregate to suns, suns may 
resolve themselves into floras and faunte, and florte and 
faunte melt in air — tlie flux of power is eternally tbc 
same. It rolls in music tbrougb tbc ages, and all terres- 
trial energy — tbe manifestations of life, as well as the 
display of pbenomcna — are but modulations of its 
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CHAPTEE IX. 

THE sm AMom ms teess. 

^ We liave hitherto regarded tlie Sun ’w^ith reference to 
Ms position in the solar system — as ruler, fire, light, 
and life of that wonderful scheme whose real magni- 
ficence and complexity has hut recently begun to be 
recognised by astronomers. We have now — but very 
briefly, for already the space allotted to our subject 
♦has been exceeded — to consider him as a member of 
the sidereal system. What he is to the scheme of de- 
pendent worlds we have seen; it remains that we should 
endeavour to form some conception of his position among 
his peers? W e have to contemplate him as a Sun^among 
many suns, exerting an influence indeed over his fellow 
orBs, but, swayed in like sort by their attractions, still 
surrounded — as when we considered him with reference 
to the solar system — by orbs travelling with enormous 
velocity, hut no longer at or almost at rest, amidst 
a scheme of moving worlds. We are to see him taking 
part in a scheme of movement too wondrously com- 
plicated to be as yet interpreted by astronomers. 

•W e must not pause here to consider the processes — 
interesting though their history may be— by which 
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astroTionievs have been enabled to determine the 
distances of certain stars, and so to form a general 
estimate of the scale on which the sidereal system is 
constructed. Let it suffice to mention that the funda- 
mental fact on which our estimate of the distances of 
the fixed stars from us and from each other has been 
based, is the circumstance that while our Earth sweeps 
round the Sun on an orbit more than 180,000,000 
miles in diameter, the stars remain all but unchanged 
in their apparent position, all the powers of our modern^ 
instruments only revealing in a very few instances the 
minutest conceivable displacement. Setting this fact 
clearly before us, the grandeur of the sidereal system 
becomes more real and present to our minds. Erom 
the nearest fixed star, the vast orbit of our Earth is 
reduced to little more than a point,— to a circle so* 

• minute that 2,000 such circles could be placed^ side by 
side along the apparent diameter of the Sun or Moon. 
But the great majority of the stars lie at distances far 
vaster: so vast indeed, that the Earth’s orbit i% reduced 
to a mere point as viewed from beyond the vast 
abysms which separate us from those orbs. Nor it 
likely that in general, the distance of star from star, 
of any star in the heavens, lor instance, fiom the 
nearest of its neighbours, falls short of the distance by 
which our Sun is separated from the nearest of his 
fellow orbs. 

We arc thus brought face to face with a problem 
full of interest but enormously difficult a problem 
which belongs perhaps rather to the astronomy of the 
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future than to that of our day. How are men to 
determine the figure and dimensions of the sidereal 
system, to understand its structure and complexities, 
to trace out the motions taking place within its limits, 
when as yet they seem to have scarce any means of 
even attempting to solve these problems ? Yet here, 
unless I mistake, is a work from which future astrono- 
mers will not shrink, a problem whose solution (for it 
will be solved) cannot hut reveal results altogether 
surpassing in interest any which astronomers have yet 
obtained. It is true that if we consider the means we 
have for attacking this noble problem, they seem 
ineffective indeed ; if we look at the results of past 
research we find little to encourage present confidence!. 
Yet it is only necessary to consider the amazing 
interest of the problem to set doubt and irresolution on 
one side, and at least patiently to test the moans we 
have at our disposal. 

I have elsewhere* pointed out reasons for regarding 
the views hitherto accepted respecting the sidereal 
system as unsatisfactory. The results obtained by 
Sir' William Herschel, and apparently confirmed by 
the labours of Sir John Herschel, the elder Struve, 
and others, seem, according to the evidence I have 
adduced, to be self-contradictory and not accordant with 
other equally reliable researches. I confess I can no 
longer entertain any doubt that there is an error in the 

^ In Other Worlds than Ours, and more osiiiecially tlio second 
edition, where additional, and, I think, conclusive arguments are brought 
toward. 
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liypotlicsis whicli iiiiclerlics blr ^ illiaiii HerscliGl s 
rcasotiiiig. It ia absolutely essential, if we would fo;-m 
liny adequate conceptions at all respecting the nature 
of the scheme to which the Sun belongs, that that hypo- 
thesis and its results should be re-considcred. I must 
avoid here, however, all reference to arguments already 
enh>rccd, and indeed I i)roposc but to sum up here the 
results I have exhibited elsewhere, and then to ^jass 
on to consider one special circninstance cimnected with 
the Sun’s relation to his fellow suns— the proper^ 
motion by which he speeds throug'h interstellar space. 

Sir William llerschel, fired with the noble thought 
of gauging the celestial depths, took as the fundamental 
hypothesis on wliicli his gaugings were to rest, the 
conception that the stars arc spread with a certain, 
general uniformity within a definite region of space.* ** 
If this one hypothesis be admitted, it becomes possible, 
l,)y moans of a telescope powerful cnougb to reach the 
most distant mid the smallest stars of the system, to 
gauge, the extent of the system. All that Is necessary 
is to count the numhe.r of stars seen in the telescopic 
field of view when the iuslriuncnt is directed towards 

diftbrent parts of the heavens. Where many stars arc^ 
seen, there the system must necessarily have its greatest 


* 11, ■,« Korwlinws lul.lnu l.luU, Sir Williiuu lUr'Sc.luil supposed a cor- 
u,i„ f.,. aural .unrunnily of si/.« and la-iMiaury to ax st a.nong tlw 
TUlsriu.wuvur, is a mialaku. TUr. only g.mrriU hypo Ih'.h.s made l.,v 
Sir Williaiu Jlursrlud was I.U0 ono sUdud id, ova ; 

l„ tlu) lulinisHiou of Ills own sliu'-gnuiging%lta, Uiu.,rythii,liis tik- 
sropo raarhrd-.a Irast, iu iim.st divortlous- tho liiuils ol tlio bidfioa^^ 

system. 
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extension ; where there are few stars^ there the limits 
of the system must be nearest to us. 

It is well known that by this process of star-gauging 
Sir William Herschel was led to the conclusion tluit 
the sidereal system has the form of a cloven disc. The 
extension of this disc is towards tlie region of the 
heavens occupied by the Milky Way^ the parts of the 
heavens where no milky light is seen c()rrcs})onding to 
the flattened sides of the disc. According to the 
essential principle of this method of star-gaugingj 
applied to the observed imincrical relations, it follows 
inevitably that the stars visible to the naked eye He 
far witliin the limits of the cloven disc". The same 
conclusion follows, also, from Sir John Ilcrschcrs 
gauges of the southern heavens ; though his view of 
'^he sidereal system differed in this respect from his 
father’s,^ that he considered the stars visible to the 
naked eye, and others down to about the tenth magni- 
tude, to be less richly spread through space than those 
whose united lustre produces the milky light of the 
galaxy. But whether the richer parts of the sidereal 
system form, as Sir William Herschel thought, a cloven 
disc in space, or, as Sir J . Herschel supposes, a cloven 
ring, surrounding the lucid stars, — in cither c.asc, 
a^jcepting only Sir Willfam Herschel’s fundamental 
hypothesis, we are bound to admit that the lucid stars 
lie far within the limits of the sidereal system,^ In 

For convenience, astronomers speak of the stars visible to tlie 
naked eye as the Uicicl stara. The title has no reference, it will ho 
understood, to the intrinsic brilliancy of the light of the visible stars. 
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'wliatcver direction we turn onr eyes to look upon the 
lucid stars, we may ke quite certain, if only this liy])o- 
thesis bo true, that the bounds of the star-system lie 
far beyoud the constellations we arc reo-ardiug. 

Now it is at this ])oint that iny study ot* the stars 
has led to the recogaiitioii of evidence which opposes 
itself in the most striking manner to the views usually 
accepted. 1 iind among the lucid stars the most con- 
vincing signs of aggregation along (^eitain ■ definite 
regions, and of segregation from otliers. I havf 
a})plied to these signs the strictest principles of inatlic- 
matic'al (‘alculation, in order to determine wliether they 
can by any'])essil)ility 1)C due to chance distribution, 
and 1 find that it is wholly .impossible so to intcrjnnt 
them. Jiiit ill this result, regarded by itself, there is in 
truth nothing opposed to the accc])ted theories. It i^ 
indeed an interesting circiimstaiu'n that such^traecs of 
aggregation and segregation, should he recognisable, 
and perhaps it may seem to many a perplexing circum- 
stance that tliesc signs should so long liave escaped 
recognition.'^' ihit, apart from the interest thus aftadi- 
ing as 1 think to tluj dis(;ovcry, there is nothing which 
may not be comxuved to accord very avcII witli the 
views ol‘ the llcrscdicls. For such peculiarities of 
structure, if one may so sj^cak, within the sphere %)f 


Tlii.s inn,y ascrilx'd >\'h()lly to stmiigo naiiiro of tho star- 

atlascH liillu'i’to (‘c»ns( rm'.tod, in wlilcli authors s(Hiiu to havostiulit'd 

how llu'y b{!sl, (by diHtort.iujjj t.hotxiic.Mt.iaJ h|t3U'<:H jind by rovoriiifi; 

tliriu over with nioiislrous iigiiron of tncii and auiinahs) coneoal Jijto- 
<v(.tb(U’ IVoiu viuw any laws of association wliich may really exist anioii^ 
l,he slaj’S. 


\i 1'3 
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the lucid stars might extend tlioiigliout the whole of 
the ^ cloven-disc star-system ’ conceived by Sir William 
Herschel^ and yet the averages on which he based his 
conclusions might not be disturbed. It is when another 
and most unexpected relation is mentioned that the 
accepted theories are found to fail. The aggregation 
of stars distinctly recognised in some regions and very 
marked in others is most marked of all along the 
Milky Way. J^ot only are lucid stars so richly strewn 
m the Milky Way that for the whole heavens to be as 
richly spread 64)00 new lucid stars would be wamted, 
hut the gaps and lacunae in the Milky Way are so bare 
and vacant that were the whole heavens no richer 
4,600 stars now visible would have to be blotted from 
our view. Such, briefly stated, is the statistical evidence 
on this point. There can be no question that it is of 
the inosh. convincing character. The prolnibilities 
against such a result if chance disttibution \vere alone in 
question — that is, if no real relation existed between the 
lucid star^ seen amid the milky light of the gala:^y and 
the clustering groups of telescopic stars which pi'oduce 
that light — may be readily shown to be so overwhelming 
that no illustration can be devised to convey an 
adequate idea of their immensity. The chance that 
the Sun will rise to-morrenv is ridiculously small (at 
least as Quctelet calculates it) by comparison. So 
" that as long as the laws of probability are to be our 
guide in such matters (and in every scientific conclu- 
sioh ever yet adopted we have had no other evidence) 
itmiust be regarded as certain that the lucid stars seen 



THE SUN AMONG HIS PEEES. 


421 


on tlie Milky Way arc for tlie most part immersed 
among the crowds of minute stars forming the diffused 
light of the galaxy. These galactic stars then are 
much nearer than had been supposed^ and they are 
rrallf/ minute, not reduced naerely to apparent minute- 
ness hy the vastness of their distance. 

When we add to the considerations thus suggested 
that the nehuhehave been shown by unmistakable signs 
o(‘ association to form a system intimately connected 
with the system of stars, we begin to see that the sidcreaj 
system regarded as a whole is very different from that 
scheme of suns pictured in the accepted theories. 
Our Sun and his fellow suns are associated with groups 
of minor suns, with clusters of star-dust, with masses 
of star-mist. We trace amid the complex system 
thus disclosed the signs of as yet unthought-of lawi^. 
Here the large suns gather into well-marketl^chistcrs ; 
here they form streams amid the celestial depths. In 
one region we find them associated with that strange 
spiral of minute stars forming the galaxy’^ (sec fig. 87); 
in another .they are groujicd with discrete nebuhe ; 
and yet elsewhere they arc immersed amid the whorls 
and convolutions of ncliulous matter. Lastly, in two 
rccrlons wo see suns and minor stars, star-clusters and 
tliscnitc luibulie, and masses of nel)nl(ma inatJor, com- 
bined into vast splicrical aggrefjiations — tbo Magellanic 
eioiuls of tlie seamarj— and these aggregations tlicni- 

» Such ifiiit, least a fiRin'ii wliirh (as sliawiv in my O/hr IF/iMA ar- 
rauiits iti a sal-isfautoi'y maiiiior lor all llu' ohseeved prruliiiritii's oi tlio 
Milky Way. 
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selves foTining the centre of fi reniarkfible gt oiip of lucid 
stars. This group, numbering more than 2,500 orbs, 
covers one half of the southern heavens. It s'v\ccps 
in a 'mighty spiral* around the greater Magellanic 
Cloud. It gathers its host of lucid orbs so densely 
along one part of its course that that region of the 
heavens alone suffices to light up tlie southern skies as 
with the light of a young moon. It presents, in fine, 
phenomena wffich leave little room for question that it 


Vio. 87. 



The Milky way re»^ardc(.l as a Wplrnl. 


forms a great and distinct system, within whose bounds 
are included all the characteristic features of the sidereal 
system itself, if indeed we are not to regard it 'as form- 
ing the noblest half of tha4 portion of the nniversc of 
which we have hithei'to become cognisant. 


The features here referred to aro Tory strikingly exhilii ted intlin 
isographiemaps of the nortlierii and southern hoavoiis accompanying t htt 
seeohd edition of my Other Worlds. Tlioso inapy show all Ilu‘ stars 
visible to the naked eye (in white on a black ground) truly disti-llmtcd 
ai’Ca for area. ^ 
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It is not without a purpose that I have thus directed 
the reader’s attention to the vast southern star-system ’ 
which constitutes the most striking and instructive 
(cature of the heavens. If there is no feature of the 
i\orllu‘ru heavens which to ordinary vision seems to 
corrt',s|)oud to this southern star-system, yet statistical 
res(‘ar(h reveals the fact that the southern region has its 
true analogue in our northern heavens. The widely 
exteudeal group oF stars surrounding the projection of 
the Milky Way in Ceplieus, and including within its 
limits the singularly rich portion of the Milky Way in 
Cyguiis, has not only well-defined limits, hut presents 
a well-markhd superiority to the rest of the northern 
heavens as i*cgards richness of star-distribution. 
Though smaller in extent, it is not less rich on the 
av(‘rngt‘ than the great southern rich region. 5 t 
(‘orresi)on(ls also with that region in some other and 
ratluM' pi'cnruir respects. It covers a region where 
the Milky Way throws out projectioiis, and shows vast 
vaeuiti(‘S. The Milky Way reaches it' on one side 
as a single stream, 011 the other as a double stream; 
and, Fui-ther, the brightest portions of the Milky 
Way, in northern and southern heavens, lie near 
these two rich regions, and both also towards that edge 
of the ri<‘h region whence Jhe double stream of milky 
light extends. 

Mo\v, I would invite attention to the circumstance that^ 
the Sun’s ))r()per motion, according to the best estimates 
hit herto made, is carrying him from the bordeis of "'the 
southern ricdi region towards the borders of the nortlie;fn 
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rich region. He is passing away from the neighbour- 
hood of Canis Major, Columba, and Lepus (not to de- 
fine too precisely the as yet scarcely determined path 
along which he travels), and he is urging liis way with 
inconceivable velocity towards the region between 
Hercules and Lyra. Of the true liabitiidcs of those 
regions of space through which he is bearing, and has 
lately borne, his fainil}^ of planets we know little. But 
as we look back along the extended track lie has 
pursued, and see the richness of those regions he lias 
left, and as we look onwards and trace his course in 
imagination towards the borders of that rich region 
whose .glories gather into their chiefest splendour in 
Cygnus, the conception is suggested that he is now 
winging his way through a relatively barren region, 
that he has left and wdll again visit more glorious star- 
depths t^jan those through which he now pursues his 
course. 

And here we may pause for a moment to consider the 
nature of -that path along which we ourselves are borne 
as the Earth sweeps on her course round the Sun. 

Ijet the foreshortened circle in fig. 88 represent the 
path of the Earth about the Sun, the globe xr s represent- 
ing on a large scale the slope of the Earth’s axis through- 
oux her annual revolution. ^ When the Earth is at <3 
it is mid-winter ; when she is at it is spring ; at yf it 
^ is summer ; and lastly, when she is at T it is autumn. 
Then the path of the Sun has the position indicated in 
the^ figure, being inclined some 53 degrees to the plane 
the Earth’s orbit, and some 1 5 degrees in advance 
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of vj’.* Along this path the Sun pui’sues his course 
at a rate which has been estimated at about 150 
millions of miles, or five-sixths of the diameter of the 
Earth’s orbit in each year. Hence, since the Earth’s 
orbit-plane is carried aloug at this rate, while the 
Earth circles aremnd that oi'bit once in each year, it 
follows that the actual path pursued by the Earth in 


Pio. 88. 




lllustvatinj? tlui motion of tin*. ICartii’s orbit Hpiico. 



space t indicated in fig. 89. It is in lact 

a skew spiral or liclicoidal patli.'j. 


Its projection on tlic ecliptic, that in, Ucb in longitude 285°, or 

thomihoutR. 1 '^1 

t Or rath(‘r^vithin tho system, whieh itself donhtless 1ms 

,soiU(' motion- -“perlmps an inconceivably rapid motion. 

;{; Some pernoiis Imvo oxpi’osHod p^rojit anxii’ty leyt, il the Sun is 
voaby trjivellinf»: so swiftly thronpjh space, he should leave tho Earth 
behind. There is not tlie least fear of this, anymore than there is 
that. tli(' biarth slunild leave the Moon behind Whatever forces ^]^iavo 
caused the Suu to follow his present career have acted upon the Earth 
and all the planets with equal (‘fleet. And us the Sun’s course thruu^sh 
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The other members of the planetary system pursue 
paths of different figures. The coils of the lielicoids 
traversed by Mercury and Yeiius lie relatively (dose 
together ; those of Mars are not so near as the coils of 
the Earth’s path. The asteroidal helicoid i)aths — 
amazingly complicated they must be — arc yet inore 
drawn out (so to speak). But it is when we pass 
heyond the asteroidal orbits that we get the most ex- 


<r Fio. 89. 



^ The Earth’s motion thiougli Hpace. 


tended lielicoids. Jupiter is carried some 1 ,1 GO^OOO/lOO 
miles onward with the advancing Siin^ Avhile he cir- 
cuits once around his orbit of less than l, 0 () 0 , 0005 ()()h 
miles in diameter; Saturn sweeps on through some 
4,400^0(j0j)00 miles, white circuiting his orbit, less 
than 1,850,000,000 miles in diameter ; and the pt^ths 

space becomes modified by the varying attractions to which he may be 
subjected, every planet in the solar system, every satellite, meteor, plane- 
tary comet, and asteroid, will experience the same influences, and iie- 
c^nnpany the Sun jnst as faithfully as at present. 


THE SUN AMOHG HIS PEERS. 


42; 

traversed by Uranus and Neptune amid the depths of 
sidereal space are even more remarkably drawn out, 
rco-ai-ding them in their liclicoidal character. 

As the Sun travels through space the pdancts sweep 
onward with him.* But has he, besides his planetary 
dependants, any companions on his voyage ? Do any of 
his brother suns travel along with him ? As yet we have 
no means of knowing, for a strange difficulty arises. 
If the Sun has companions, these musN of course, be 
relatively near to him. It docs not follow that they^ 
will appear brighter than otlicr stars, because if they are 
no larger than the Sun, we know that other orbs (as 
Sirliis^’and A^cturus) must largely exceed them in real 
size, and so tlltejr relative proximity may not be 
rendered apiparcnt. But this is not all. The stars 
which astronomers select as most likely to afford. 

‘ measurable indications of proximity are those whose 
apparent motions on the heavens are exceptionally 
large. Now the companions of our Sun on his voyage 
through the sidereal system doubtless Irayel on a 
nearly' parallel course; and therefore, setting aside 
their orbital motions around each other, or around Ihe 
common centre of gravity of the family, they must 
•appear, as viewed by us, to be almost at rest. They 
would of course indicate ip a more marked .manr^r 
than any other stars the clfcct of the Earth’s annual 

If, is wortliy of n,.t,irMh,.t tlio Kuu’s novrt>™i lu.mispl.oro 'traveb 
Ih it not couooival.lo that i.i ttiis pceulianty wo may tnd 
...xplanation ..t tlu, pT:U,or hoat, whi.d, has ''•;™ 
from tlio novtihoru solar liomiKpliovo i also p. -10, foolnot . 
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motion (or, teclmlcally, they would have a large annual 
parallactic displacement) ; but then astronomers would 
not be led to look for such effects, since we know 
as a matter of fact that the stars hitherto examined 
for signs of annual parallax are those which, either 


Fm. 90. 



^ Observed proper motions in Ursa Major and lU'ij^hbonrhood, 

l:hrough exceptional brilliancy or tlirongh exception- 
aHy layge jjroper motion, seem likely to be near 
to us. 

W e find signs in the heavens leading us to regard 
the existence of such ‘ companions of the Sun ’ as at 
legist not wholly improbable. Hero, for example, is a 
j)icture (fig. 90) borrowed from my ‘ Other Worlds,’ 
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in which the chief stars of the constellation Ursa 
Major are clcpictech and some few others belonging to 
Draco and Bootes. To each star is attached a small 
arroAV indicating the direction of its motion, and the 
amount of sucli motion in 6,000 years. We see here 
decided signs of star-drift. A^^e can scarcely doubt 
that the five principal stars of Ursa Major included 
within the dotted line are travelling together though 
space ; while the four stars above, belonging to Draco, 

Ihii. 91. 

06 

■ 

1 ' 


OUsemul proper luotiou of Stars in Jiciid of Arios. 

seem similarly to be conijianion suns. The 'remain- 
ing stars may also not improl)al)ly form a single 
family. 

The group o(‘ stars shown in lig. 91 seem to form a 
system within whicli probably there arc orbital motions 
of considerable magnitude. 

It is worthy of notice that in the two instances here 
referred to there are evidences of association a])art 
from the observed proper motions. For in the second 
the stars f)rining the system seem segregated ii/a 
somewhat marked manner from neighbouring staiv' 
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groups. The stars in Ursa Major, again, liayc been 
noted by Fr. Secebi as having very similar spectra— in 
other words, as resembling each other very closely 
in structure and condition. In this circumstance wo 
liaA^e a peculiarity Avbich may' one clay enable us to 
select with some confidence those stars which arc our 
Sun’s special companions, which voyage along with 
him through the sidereal system, and share 'with him 
perchance in^ a reign over some special domain of 
^space. 

And here I have to draw this work to a C()n(‘lusion. 
Too limited by far has been the space I have allotted 
to my subject, and yet, for many ]-cas")ns, it would 
have been unwise to have excccc]/d this s})ac.e. I 
have followed so closely the course I marked down in 
•the beginning that I see no occasion to change one 
word in^the introductory pages. Yet at imutY st,a,g(^s 
where I had promised myself a pause for survey and 
reflection I have been compelled to pass on wiiliout 
stay. Many inviting paths opening out. on one hand 
and the other have been perforce left unex])lorcd. As 
I have proceeded I have become more and more 
sensible of the vastness of the sul)jcct I liave Tinder- 
taken to discuss. Ifot a hook, but a library of books, 
is'^n ceded to deal adequately even with only what is at 
present known about the Sun ; not a few students of 
^ science, but all the ^astronomers and physicfists now 
living, might devote their powers to the stiuly of solar 
phenomena, and yet find that the army of labourers 
;^Teeded to be largely recruited. Only in the coming 
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time, -when the stiulciits of science will he the majority 
instead of a iniiuite minority of mankind, will this 
siil)je(‘t, and ihose (‘oimtlcss other kindred subjects 
whi(‘h awjiit investi<»*ation, he ade(iiiately dealt with. 
I^et us ho])e that time is not far oif. 





m 





APPENDIX A. 


7 HE AVPROACima TRANSITS OF VERXIS AND THE 
BFSl MEANS FOR OBSERVING THEM. 

On account of the interest attaching to the ai-)proaching tran- 
sits, and more especially to the transit of 1874, for which 
a sum of more 10,000^. has been voted by the Govern- 
ment, it seems dcsi^^ble to exhibit here in a popular form the 
results to whicdi I have been led by a very careful niathemati- 
(', 11 1 investigation of the conditions ttnder which the coining 
transits may be moat satisfactorily observed.* 

Alrc'ady in Chapter I. I have exhibited the gencjj’al prin- 
ciples on which the det(nmiination of the Sun’s distance by 
observation of transits of Venus depend. But as it is always 
advantageous in discussing astronomical relations to view 
them irwas many aspects as possible, I now present a mode of* 

* J may remark hero that T. have gone over, at the expeiiso of a eon- 
si(lorabl(^ amount of time (for the work was altogo.tluir now to mo), tlio 
process of calculation by w'hich tlu' ohunonts of tho lrar».sit are deduct'd 
from tho. tables of Venus and tho Sun ; but (as I auticipattsd whou I 
Ix'gan) rt'Hults I obtained accord so closely with Mr. .Tlind’s, that tbc 
labour (sav(^ for th(‘ practice it gave ne) was iii a sense thrown away. 
It, is worthy of notice, however, that M. Buiscnix having obtained Hom(*- 
what diifcnmt results, this (umfirmation of Mr. Hind’s results has a value 
wliiidi ordinarily would bo wauling to r«‘sixircli(^s of tho sort. Mr. 
Plumnnu-, of Mr. bishop’s Observatory, Twi(‘konbam,had already, at. Mr. 
Hind’s request, tc'.sted Ui<5 puhlisluid oleiuonts ; and there can bo now no 
doubt whatever that in thi.s matk^r (as always) Mr. Hind’s calculations 
are beyond question. c* 
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considering transits of Venus which is perhaps the best and 
simplest conceivable. ^ 

Let s (fig. 92) be the Sun, v'(Veims) and e (the Eartli) 
travelling in the same direction and nearly in the same 
plane round the Sun as shown by the arrows, Venus the inore 
• swiftly ; and let it be noted that the dimensions of the Sun, 
Venus, and the Earth are here necessarily exaggerated, since 
even the Sun, if presented on the same scale as the distances, 
would be scarcely perceptible in our figure. 

Now, Venus, like every other body in the solar system, 
throws a shadow, and the shadow is represented by the tri- 
angular space b*ehind Venus in fig. 92. It comes to a point not 
• very far (relatively) from Venus. Suppose this cone produced 
beyond its apex so as to form the shaded cone shown in the 



figure. It is obvious that to an eye placed within this shaded 
region Vicnus will be seen fully within the Sun's discj and to 
an eye placed on the surface' of this region Venus will bo seen 
jufit touching the Sun’s disc on the inside. Now conceive a 
double cone touching both Venus and the Sun, but having 
.its apex between these bodies, as shown in the figure. Then 
obviously to any eye on the surface of the region between 
tfiis apoix and v v'^ Venus vjpuld be seen just touching the 
Sun’s disc on the outside.* Clearly, then, to any eye between 

For instance, to an eye at ?; Venus would seem just to touch the 
Sun's disc on the oiitside at 5, while to an eye placed at 'F, Venus would 
sgoiu just to touch the Sun’s disc on the outside at V. This is obvious, 
hccaxis(^ the lines v v, v' v, just touch the Sun and Venus, whereas any 
•^ther Lines from v and v' to points on Venus pass clear Of the Sun. 
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this surface and the region shaded in the figure, a part only 
of the disc of Venus will be seen on the disc of the Sun. 

So that if an observer were carried through the double 
cone shown in fig. 92 behind Venus, lie would see the follow- 
ing successive phenomena. When he came to the outer sur- 
face Venus w^ould be in exterior contact, or as at a (fig. 14, 
p. 42); as he passed on to the inner surface Venus 'would 
enter more and more on the Sun’s disc, until when lie reached 
that surliicc she would be in interior conUict, oi- as at b (fig. 
14). Tbeu as be travelled on through the inner cone Venus 
would seem to cross the Sun’s disc, and she would just touch 
it on the inside when our observer reached the surface of this, 
inner region on his passage outw'ards. Next, as he passed 
oinvards to the surface of the outer region, Venus would be 
seen crossing tlm edge of the Sun’s disc. And, lastly, as he 
passed that surfa^a he would again sec Venus in exterior con- 
tact, the transit tlu^upon coming to an end. 

Now, during a transit of Venus the Earth does actually pass 
in such a way through these regions ; or rather these regions, 
ovorlake and pass over the Earth. In ordinary conjunctions 
the cones of fig. 92 pass above or beneath the Eftrtb ; but 
when llie Eiirth is sufllciently near to the plane in wliich 
Venus is moving, the concjs do not pass without encountering 
the Earth, and so a transit takes place. Further, the ^^.ousidexa- 
tious in’tlic iirccoding ]iarngraph suflicc to exhibit the general 
circumstances of a transit. . 

Sinc<i the cones overtake the Earth in the direction sbo-wn 
l)y the arrows, wo may consid(n- that the Earth passes through 
tlie, coiKis in the contrary direction. 

^Su])poHc V v' (fig. 9r‘l) to represent the same sectio^i of ’tiic 
outer coTu' as v v' in fig. 92; v v' tlie section of Ihe inner 
cone ; and k (fig. 9M) the .Earth, as shown at k in fig. 92. 
Then ?; if is really moving towards the left; hut we arc to 
sup]K)so that K is moving towards the right through v v'. 
Furtlu'rmore, if Venus is near an ascending node, as she wjll 
be during both the approaching transits, we must suppose the 
Earth to puss jdosccndingly along such a course as E through* 

# fc' V 2 
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tlio region V v'. The actual coiirae, hotli as roj^pects 
and direction, ia determined from tlio (':aleulat(i(l ni 

the transit. With this calculation we need net lier(‘ <'oueern 
ourselves.'* The figure shows the oour.s(i actually traversed hy 
th(i Earth in 1874 and 18H2. 

tsow, taking the Kartli tlirongh v v' ter iInc 1M74 transit, l<'t 
us consider the 'varioti.s critical ]><)ints, so to sp<-ak,<>l her 
course. When she first touches the outer (firch^ r oxlenial 


Fro. oa. 



liiustmting the traiisitB of VenuH, 


contact will have begun at that point ol‘ the Earth wlii ch tIrU 
roaches this circle. She passes on, ihlliug inony and innr<‘ with* 
in V v\ until she is just wholly within. All this time extci rial 
cslritacfc in taking place whereyru' the outline v v' interscctN the 
Earth’s disc; at parts within thiit linti Venus is se< u partJy 

^ Ah to the si/.o of v 7/ compared with that of tin* Earth, it i»i raHii\ 
HC(in from. fig*. 92 that is loss I Itaa a great, eireh^ of the Sen, M rv 
iKHi’ly in the proportion that tho Earth’s iliKtaneo tVoin VejuiK exertoif. 
tlio Bun’s. If tile cono of wliieli r 0 ' is a Hioition had it^ vertrx 4I 
Remus’s centre Lhia proportion would bo (*xue.t. 
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Avitliin the Sun’s disc, and at parts outside of it external con- 
liKit has not yet taken place. When the Earth has passed wholly 
within the circle v v\ external contact has taken place at all 
jitiits of the visible hemisphere. But as at this time no part 
ol the Earth has reached the circle v y',* internal contact lias 
nowhere coninicn^ed. In other words, Venus is not yet fully 
upon the Sun’s disc as seen from any part of the Earth. 

Now, this part ol tlie Earth’s motion is not illustrated in 
fig. Ihl, bcca.use external contacts and the passage of Venus 
across the Suns outline are not phases which the observers of 
transits jiay groat attention to. We now cogie to the imj^or- 
taiit ])hases. 

\\ hen the Earth jnst reaches the inner circle v v', interior 
contact lias just begun at the point on the Earth wdiich first 
loiuhes this circle. Here, then, earliest of all, internal contact 
begins, and \v^have at this point the phenomenon called 
liy astronomers JikiJi internal contact most accelerated. The 
Earth is tlnui in the position numbered 1 in fig. 93. 

She passes on, the outline v y’ encroaching more and mor(^ 
over luT lace until she is wholly within this outline or in 
position 2. All this time internal contact is taking place 
w]iercv(‘r the outline v v' intersects the Earth’s disc. At 
parts of the Earth within that line internal contact has passed, 
or Venus is already fully uj)ou the Sun’s disc. t!^t parts of the 
Fairth #)titsichj tli.at line Venus still breaks the outline of thc' 
Still’s disc. W Ill'll the Earth is at 2. internal contact has tq.kou 
place for all places on the Earth’s illuminated hemisphere, 
''rills contact takes place latest of all at that point on the Earth's 
surfiicc which at this moment touches v vk It is here, their, 
that there occurs the jdiaso which astronomers call first inUr- 
nal contact mast retarded. • 

* 'flii't (lisiarn'i! between tlie eircloR v v' and v v' is obviously greater i 
tluui {.he Earlli’s diameter, if wo consider hosr the two circles u ■?/ and 
V v' are obtained. For tho diainotor of Venus is very nearly equal to 
t.he Kartlfs ; so tliat the diverging lines from s or s' (fig. 85) are already 
separat.e.d at v by a distance nearly equal to the Earths diameter, and 
hereforo at v or v' are wider apart. 



Then the Earth passes onwards through the positions shown 
severally along her track in fig. 93. 

As the Earth passes out of the spaces v v', v v\ similar 
phases occur in reverse order. We need note only the 
positions numbered severally 14 and 15. The first sho\vs 
where the Earth hrsfc reaches v v'', and point on her 
surface which first touches v v' is the place where occurs the 
phase called second mternal contact most accelerated \ while 15 
shows where the Earth is just passing clear of V v^, and the 
])omt on her surface which is the last to touch V y ' is tlui 
place where the j)hase occurs called second internal contact 
most retarded. The circumstances of the progress of tin) 
Earth from one position to the other precisely correspond to 
those already considered in dealing with the Earth’s motion 
from 1 to 2, only they take place in reverse orclor. 

Such a passage as I have described lasts Jd^ftogcther some 
four or five hours (a passage through tjire centre o about 
eight hours), and in this interval the Earth’s axial rotation is 
not inconsiderable. This rotation has to be taken into ac- 
count in dealing with the real circumstance of any transit. 

The re^er will see, then, that to present in an exact manner 
all the relations thus involved would require not morely a 
large amount of space, but the discussion of mathematical 
considerations^f some complexity. And yet there is absokuely 
no simpleif way of exhibiting these relations in a desgriptive 
manner. 

Tliis is, then, one of those cases where, if we are to give 
views at once exact and generally intelligible, we must employ 
that too much neglected aid of the astronomical teacher, truth- 
ful^ pictorial illustration. W^e must have representations of 
the Earth as she is actually placed at the most important 
parts of her course through v v\ truly poised, with true axial 
slope, and in the true position as respects axial rotation. 
Such pictures will do what verbal description in this case can 
never do, save for the mathematical reader. 

TThe illustrative plates VIIL, IX., and X. have been specially 
♦oust rue ted to meet this difficulty. 



THE APPHOACIIING TRANSITS. 


439 


The long folding plate pictures the Earth on her course 
through the positions marked 1, 2, . . . 14 , 15, in fig. \)?>. The 
path of the Earth in this figure is, for convenience oi' engrav- 
ing, broken up into three parts, as shown in fig. 1)1, and the 
Earth is represented at each part of lun- ]»rogi-(\ss, ])r('(‘is<ily 
poised and rotat<^, as she would a,ppear il'slu^ cmild he vievv<id * 
from the Swu during the course of tin*, triinsit oi* I.S74. 

Leaving tlie cross-linos out of consid<', ration for the prestml, 
let the student study this plate, interpreting it by nvfennKUi to 
figs. 1)2 and 1)5, and he will be able to form more exact con- 
c<i})tious of the real relations presented during lint transit than 
he could from a very long and recondite ex])Ianation. fie s(}('.s 
ill the first picture of the Earth tliose regions wdienee the 



beginning of tlic transit will he visible, lie, sees in tlu‘ last 
those regions wliere the end will he visible, ^'^rhosi^ parts oi’ 
the E{^.rth wliiclt appear in both th<js<,» views an^ •those, from 
whitdi the whole of the transit will he visibles. And, finally, 
those parts 'which do not apjiear in either of tlu^si^ vimvs (nor, 
therefore, iii any of tlie fifteen) are those wlmiuse no part oi’ 
the transit will be soon. • 

But now, having done this, and nnderstantlirig also tlnat he 
will presently bo invited to njiurn to thc‘ c.onsichu’adon of this 
])Iate, let him examine the largm- ami more (daborate viinvs 
Plate IX. and X., representing the Earth as supposed to lx;* 
seen from the Sun at the beginning and end of (Jie transit. 

Of these views the first represent, « the Eartli as she w'-ould 
appear from the Sun wlien/i^o* c<mtre is just <*.rossing the (uT<’Jo, 

V y' of fig. 95 at ingress, and the second represeiits her as she 



would appear when her centre is just crossing tlie same (drclc 
at egress. So that the first corresponds to an q)()c]i bctwcM-n 
those represented in the//r5f two Eartli-pielnres of tlio folding 
plate, while the second corresponds to an epoch hctwcaai tlios<* 
represented in the laM two pictnres of that ])late. The 
•seeininglj parallel cross-lines in Plate IX. represent the 
encroaching outline of the circle v' v' (fig. \)?>) J^t intervals 
of a single minute of time between the epochs re])res(‘ntecl 
b}'’ the first two figures in the folding plate. The <u.>rre- 
spending cross-lines in Plate X. represent the same ontliiK^ 
gradually passing off the Earth’s face between the opoidis 
corresponding to the last two figures in the folding plate. Tlu: 
eiicroacl linen t and the passing oflTiot being strictly iinifonn,-^’ 
tliese lines are not equi-distant, nor are they stri<!l.ly paralhd. 
(Tliey should not be absolutely straight, since they really 
form short arcs of circles; but this consideration is relatively 
unimportant,) ^ 

Now, ^Iiese two plates give ns all we require for (leterininiiig 
what are the best stations, whether for Del isle’s or llallty’s 
method. I 

Por D dale’s, applied as at ingress, consider Plate IX. 

* The reason of this will be seen by a u'feronve to fig. OJf Obviously 
the rate at which the Earth’s centre is approaching the centre of Venus 
(which rate^realTy measures the rate of encroachment) diininishes 
during ingress, while for a like reason the rate of passing off iir,*reuses 
during egress. 

t Properly speaking Plates IX. and X. only ropivsiuit t he i^brtJi accii- 
rately for the moment when the outline of v v' (fig. 93) cros.sivs t}u> Ifn rl li’s 
C€«tre. Since, as we see by the cross-lines, no less than lirfini. fis. arr 
occupied by the passage of the outline of v v' over the harth’s fiuaa 
hotli^^at ingijpss and egress, the Earth’s rotation has to bo (‘onsiibM’cd, 
This, however, can very easily be done, since the lutitinb^ cin'los arc 
sliown, and the longitude circles are separated by txm di'greos, eori'c - 
•sponding to the Earth’s rotation in forty minutes. Thus from I’latelX. 
wo see that the cross-line marked 7m. on right of the centre passe.s 
near Jeddo. But as the cross-lino occupies this position seven minutes, 
before it crosses the Jdarth’s centre, we ninst put Joddo back through an 
amount corresponding to seven mimitcs’ rotation, or about one-sixth uf 
thrdistance separating two longitude circles in this neighbourhood. 
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want RtJidouH where the accclenithm is greatest and where the 
jvtardation is grearest. The first lie at the point where ac- 
rtileratcd ingress is written. We must not choiise a station at 
this jjoiiit, heeause tliere the Sun would he on the horizon, and 
therefore dislorted ; hut taking the line representing the 
places where ing''oeJ^s is Ix'ginning a minute or so later we see 
that it passs's Tiear W oahoo aud Hawaii. These, thou, are good 
stations lor ohsc'rving this phase. 'J'lireo or lour minutes later 
the line passes rhaldo, llonin, Manpiesas, Otaheite, aud so on; 
and these, tht'refore, tlnuigh not such good stations as Hawaii 
or Woahoo, a.r(‘ still tixeellent. W e may note, too, that at these 
stations the Sun will have a greater elevation, tlie’ actual 
elevation at (lidennit stations being indicated by the eoncentri?; 
circles inarktHl with (legrt‘es. 

As respects retarded ingress, we see that the best station is 
('ro/.(it Islainl, close by the point marked retarded ingress. 
But Kerguelen’s IsHnd, hlaedonaUl Island, Amsterdam Island, 
as also Rodriguez^ Mauritius, and Bourbon, are all good 
stations for observing this pliase. ^ ^ 

Now let us turn to Plate X. to determine what stations are 
best lor observing avcelerjited aud retarded egress. ^ 

It will be seen that the ])Iaee marked accelerated egress falls 
inconveni(!ntly near to the south pole. Only when we reach 
the cross-lines marked ilm, and 10m. do we come on places 
wlunas stations could be couveiiicnrly taken. ‘The lines 
marked Oni. and «m. bring us past several e.\(‘.ellent stations 
in N(nv Zealand ; and then we come to stations in South 
Australia; aud on the other side of the arrow-liuo we hud 
Kemp Island, and (inferior, but still serviceable) theMacdonakl 
Islands, Kerguelen, and Crozet. ^ 

Lastly, as respects retarded -egress, wo fmd an abilndance ot 
excellent stations, the best being in Siberia and Eastern 
European Kns.sia; but there are several excellent stations-, 
in India; * while Alexandria will supply a very suitable place 
of observation. • ^ 

' * The very boat station in English torritory, namely Poshawur— far 
Huporior to Alexandria both as rospoets tho amount of I’otardaUon M 
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Talilos at tlie close of this Appendix exliibit the 
anioTUit of acceleration and retardat, join at tlui Hiivcnil stations 
indicated in these maps, and at some others not nanujd in 
citlior plate. 

Now, aa respects Halley’s method, it will he r(nnenil)<'r(Ml ( s(‘(* 
page d3) that we have to consider that llu^ wl oh^ transit ((u-at, 
least the hoginiiing and end) *' should ht‘ vislhle. ' We went, 
stations (tliese will obviously be northern on(‘s) wIkon- the 
transit will last as long a time as possihh^, and other stations 
Avhere th(i transit will last as short a time as possihh^. W t; 
should therefore ruiturally look for nortluirn stations \vhere the 
triuisit begins as early as possinlii and ends as late as possible, 
and vice, aoo'sd, as respects southern stations. 

But who,n we consid(‘r Hawaii and Woahoo, wlnua* the 
transit l)oginH at the earliest, we find, on turning to Blat(‘ X., 
that those stations will not suit our ])ur])ose ; for in Platt* X. 
tiny are not visi])le; in other words, lud’ore the end of transit. 
Hawaii and Woahoo pass to the un-illuiuinatinl side, <d‘ t.ln* 
Barth, — the Sun sots, in fad:, and the (‘,nd of tln^ plienonnun aj 
cannot be seen. In like manner, if we take tliose stations shown 
in Plate X.-wldeli are most suitahle for oPau-ving the rotar<lod 
egress, v/e lind that at the epoch r(ipre.se.nt(Hl in Plait* X- they 
are not visible; in other words, tiny are on tint un-illnminahMi 
side of the Earf^h, or the Sun has not yet risen at these stations 
when transit begins. 

It needs but a brief study of the two riat(‘s to H<ui tliat, t.ln* 
statioins which give the longest duration ar(i th(.)se in Mmu~ 

solar (elevation — had wholly escaped aotico until iny const.nict.iou of Plan* 
X. (reduced from tho sixth plate of the original, siTie.s drawn hy iin* !or 
the koyal A'strononucaL Society, aiuf. published in vol. xxix. of their 
mdiiujs) exhibited the advantages of Ibis station. 

^ This ])ai’ont]iotical remark may sc(‘.m sl-rango at llrst sifiiht' ; hul it. 
luiist l)ii reiiiunihered that tlioro are southern stations (though 1 <i{» not 
say any in tliis case are available) where the Ix^ginnlng of tlo^ transit 
can bo seen before sunset and the end after sunriso. jt is only neccs- 
siirj? to study Plates IX. and X. thoughtfully in order to se(‘. that, ihi,*. 
is tho case. 
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cliouiia, Japan, and North China, whose names are shown in 
both maps. 

Now, as regards the southern stations where the shortest 
duration is to be ol)S{uwed, we have in some respects a wider 
selection, for the obvious reason that day lasts longer at these 
southorii station^ in December (a relatioir corresponding, of . 
coui'se, to |j^he longer portions ol soiitheiii iatitude-parallels 
shown ill both maps). 

We re([uirc to lind a southern station -whero the transit -will 
begin as late and end as early as possible. 

All the stations by the ]dacc of most retarded ingress in Plate 

IX. are shown also in Plate X., but in the latter plate they are 
soon to he very iar iVoiu the place of most accelerated egress; 
On the other hand, the stalaons near the latter place in Plate 

X. , though all visible in Plate IX,, are seen in the latter plate to 
be very lar from the place of most rctrtrdod ingress. 

Th(^ best stations as respects proximity to both the place of 
retarded ingress and that o( acctdorati^d egress arc ICemp 
Island, Eiulerhy Laud, Sabrina Land, and those in the 
neighbourhood of those spots. All are in very unsatisfactory 
and almost inacccssyile regions of the Earth’s suifacc. 

It happens, however, that Crozot Island, Kerguolen Land, 
Loyal Co. Island, and Maccpiarie Island give sufficiently short- 
ened transit-periods to afford very satist'actory means of com- 
parisop,by Halley’s method, with the lengthened traRsit-pexiods 
at N(‘.rtchinsk and other neighbouring nortluTn stations. 

AsregJirds the elevation of the Sun tlie diificulty is of co’urso 
greater at the northern than at the soutlnum stations. But at 
all the northern stations marked in the maps the Sun will have 
an elevation exceeding ten dogTcos at the epochs of internal 
contact. 

On the whole, as will bo inferred from the tables at the end 
of this Appendix, Halley’s method will be applicable under . 
very favourable conditions during the transit ot lb74.* 

* It will he Hcon tliat I express iu tlio above paragraphs tho opinion 
that Hailey’s method, which had been pronounced ‘wholly inapplicable’ 
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Before proceeding to consider certain other matters belong“ 
ing to tlie general subject, I will brieBy discuss the transit of 
1882. 

to the transit of 1874, can be applied under very favourable conditions. 
Jn vol. xxix. of the Monthly Notices of the Royal Asinniojitical Society, 
1 have exhibited the calculations requisite to indicare the ])robahl(^ nda- 
tive values of Delisle’s and Halley’s method in 1874 ; and Uie, couclu.sion 
to which these calculations point is that Halley’s methoil is on the whole 
Superior to Dolisle’s. Somewhat before my papers appoa.r(ul, tht! t’n'iicti 
astronomer Puiseux had published a paper expressing his belief that 
Halley’s method could be appliexl under conditions sufficiently favourable 
to render it advisable that that method, as well as Delisle’s, should he 
employed. The actual resxdts obtained by Puiseux gavi' howevtu* a 
slightly inferior position to Halley’s method. The diderenee is due to 
the fact that M. Puiseux employed approximate instefid of exact 
modes, considering the passage of Venus’s centre, for example, instead of 
internal contacts, and taking no account of the (‘quation of time. My 
results, not only as relates to the several methods, but as respects those 
eases in which I deduce different relative valncs for certain stations 
suitable for applying cither Dolisle’s and Halley’s method, have Iumti 
now abundantly confirmed by the calculations of Peters, Hansen, and 
others. They were never indeed seriously questioned, because 1 was 
able to point to the exact places where my processes diverged from 
former and less exact computations, and to show how differences of 
considcrablo importance came thus to be discernible in the results. But 
1 must disavow all desire to dwell upon or to magnify errors either of 
computation or o^^plan in the woi'k of the eminent astrononua' who pre- 
ceded me in dealing with this problem. The work was not nnd^’taken 
by me, as I fear the Astronomer Hoyal judged at the time, in any spirit 
of captious criticism. Deeply imbued wdth a sense of the extreme 
interest and importance of the problem of determining the Sun’s distatice, 
and attracted to it also by the exceedingly beautiful nature of the 
geometrical considerations it involves, I worked at it without any refer- 
ence^in the first place to the labours of others. Only when I found that 
my results (Offered in many respects ^hich seemed to me, and still seem, 
important) from the Astronomer Eoyal’s, was I led to compare his pro- 
^ cesses with my own, and to trace out the causes which led to the differ- 
ence in the results. I was prepared to find I had fallen into some error. 
As the reverse appeared, and as his results had been made widely 
publici and were, as I believed, to be made the basis of the choice of 
stations and methods for English obseiwers in 1874, I should have 
been wanting in my allegiance to the cause of science had I failed to 
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‘ In tlie first place it is well to have a picture indicating the 
relations which Plates IX. and X. indicate for the transit of 
1874. The time has not yet come perhaps when so carefully- 
constructed a drawing is needed ; but a drawing of a somewhat 
similar nature is essential to the adequate illustration of the sub- 
ject. I might iXMxil myself here of the Astronomer Royal’s two 
drawings, which will be found in Guillernin’s ^ Heavens ’ (and 
are repeated, with Mr. Airy’s statements, in Mr. Lockyer’s 
‘ Elementary Less(ms of Astronomy ’) ; for the corrections in- 
volved by the considerations I have attended to in tlie case of 
the transit of 1874, have (for reasons wh,ich need not be 
entered into) a fiir less important effect in the case of the later 
transit. But 1 do not Hud myself on the whole content to 
adopt this course, partly l)ecaiise the differences (as any one 
will see by comparing figs. 1)5 and 96 with the Astronomer 
Royal’s drawings) are quite appreciable ; secondly, because the 
cross-lines which Jiudicate the passage of the boundary ot 
Venus’s shadow-conc over the face of the Earth have not been 
separated by minute intervals, as in niy maps (but ])y tenths 
of the total interval of passage), and are not quite correctly 
placed; and, thirdly, because 1 think it on tlie \vliole more 
worthy of tin* student of science to give his own work in such 
instances. 

Pigs. 95 and 96 show the exact presentation of the Earth 

P 

publish the rosults of iny rcsoarclios. Ono thing alono would liiive 
forcetl me to publish my results — naiindy the ia<*.t that it had Ix'eu widely 
aimouiK’od that in 1882 Halley’s met hod efiiild bo applied it certain 
Antarctic stations wore roachcid, wluTCias luy calculat.ions servo to prove 
that thore is absolutely no station whence Halley’s methodcau be applied 
in 1882 under conditions suirK'ieutly favourable t.o warnud^tlio danger- 
ous expeditions and t]iopr()t;ra,cte<L stay in Antarct.ie stations by which 
alone the requisite observations could be made. I repeal, here, and urge as 
the main reason for the carnestm'ss with which 1 liav(q)rcHsea my views,, 
that to send expeditions to survey tlui mdghbourhood of tlie proposed 
stations in^ar Victoria Laud a.ml Ihq^ulse Ray, and to sedeet oitlicr of 
these iieighbourlioods for wint.tirjng in anficipalien of the suipmer 
(Antarctic) transit of 1882, would he to risk the lives of British seamen 
and men of science without any prospect of adequate return. 
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at tliG begining and end of the transit of 1882. Tlio general 
relations indicated correspond precisely to tliosc dealt with 
already. 

As regards tlie application of Delisle’ snietbod at ingress, we 
have for the accelerated phase few convenient stations, those 
best situated being very near the Antartic regTOiis. Kerguelen’s 

TEANSIT OE 1882. (INGEESS.) 

Fto, f)r). 



r Illuminated side of tlio Earth at ingress, .Dec. (i, 2ii. Join, oils 
(Greenwich meantime.) 

^ f 

l.nnd, jiarta of Mad-igascar, .-ffid tlio Capo of Gooi! Hop.’ 
Hueru the Lest, The retarded pliaso can bo viewed under 
singularly fiivoiirablc circumslyncc.s,lu)wcvor, Rinco tlio wlu.lo 
sGiiboard of the United States and many inland towns tliero 
aad^in Canada fall close by tlie place of uio.st rctardod ingroHs. 
Many West Indian stations also seem not unsuitable. 

-As regards egress, we also find a number of well-suited 
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stations, many of which are identical with those jnst referred 
to as well suited for ohseiwiiig the retarded ingress. Tt is 
well that these doubly fortunate stations are American, since 
our American -brethren in science are far more warmly sup- 
ported by their Government than ours are (or perhaps I 

(» 

^ TKANyiT OE 1882 . (EGRESS.) 


Eio. 9C. 



lilumimLLcd side of llio lOarlh iil. (-tcss, DtH:. (>, 8h. dm. I.dis. 
(CJroonwifh mean thiu;.) 


shnnld Siiy cinisn in far jtiorc wiirnily iulvocaiViil bcTtorp 

tlujir Governiuont), 

Retarded (\i»ress i*an h(^ ohservod favourably in New /ea- , 

land, ami parts of Australia. , r f i 

Now as resixMds tlu‘ application of Halley’s method, I find 
myself :ip].r(xicl.-ms a ddip.ate siibj.tcl,. It 1 ms been so kng 
assorted (thirteen years at least) that Halley’s method is on(y 
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applicable in 1882, that many -will be difiposerl to ridicule the 
notion that there can have been any mistake in the matter. 
Yet, confident in the simple mathematical relations dealt 
"with (and confirmed also by the view of the matter now 
steadily growing among mathematicians), I point to figs. 95 
and 96, and ask where the stations are to b (5 placed ? So iar 
as the shortened transit observed in northern stations is con- 
cerned, there is no difficulty; since, as we have seen, the 
commencement of the transit will be most retarded at the 
very stations where the end will be most accelerated — that is, 
in the United States, Bermuda, the West Indies, and so on. 
But as regards a southern station where the transit shall be 
inost lengthened, the case is not so simple. Tlie Astronom(*r 
Eoyal has pointed to two southeim stations — one at Kepulse 
Bay, near Sabrina Land, and one near Victt)ria Land. Tliese 
are shown on the map. There is a doTible objection to 
ptilse Bay. First, the Snn will have an elevation of hut about 
4 degrees both at ingress and egress ; and, secondly, th(u-(‘ is no 
known station there. The ‘ suggested station ’ marked in 
Mr. Airy’s maps (December number of ‘ Monthly JNotices of 
Eoyal Astronomical Society’ for 18G8-G^) at Victoria Land, 
occupies a spot on a shore line (explored by Captain Sir J. ( -. 
Eoss) so precipitous that Eoss could not approacdi it, though 
he would ‘ readily have given his right arm ’ for an anchorage 
there. Af Possession Island near by, a place wl u*re lus mon 
landed but wore compelled to leave by tbe foarful odour of the 
accumulated penguin guano, the Sun would have the totally 
insufficient elevation of but about 5 degrees at iugr(‘ss. 

' Now, remembering that it has been shown by skilful Arctic 
aiub Antarctic seamen that to make observations at; these so- 
callcd stations on December 6,^1882, astronomer's would have 
to winter there (making their way to them in February or 
® March, 1882, at latest), it surely will not be thought that 
the poor observations which could alone ho made on a Sun but 
4 or 5 degrees above the horizon are worth the expense and 
great risk which must needs be involved. But even if they 
we, then a fortiori would the application of Halley’s method in 
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1874 be called for; since I have been able to demonstrate 
that without seeking such dismal regions, a more favourable 
opportunity will be afforded in 1874 than in 1882, even on 
the supposition tliat the selected stations were visited during 
the latter transit. And this result has been confirmed by 
mathematicians of ^<„eminence. 

As regards 4 )ther southern stations in 1882, it needs but a 
brief study of figs. 95 and 96, to see that none are available. 
All the stations on the right of the arrow-line in fig. 95, and 
close by the arrow-feather, are unseen in fig. 96 — that is, the 
bun has set at those stations. The barren Antarctic land south 
of Cape Horn (Graham Land) is not very favourably situate’d in 
fig. 9i), but in fig. 97 lias passed over to the wrong side of the ’ 
central cross-line; in other words, there is acceleration of 
egress instead of the needed retardation. Similar remarks 
api)ly to the southern parts of South America.* 

So far, then, is it from being true that Halley’s method is 
wholly inapplicable in 1874 but is applicable under favour- 
able circumstances in 1882, that the exact reverse is the case. 
Halley’s method is even better than Delisle’s in 1874, and * 
is wholly inapplicable jn 1882.t 

• 

* The reasoning in tho note beginning on p. 37 will be found to he 
well illuH(,pat(‘d by a comparison of Plates IX. and X. with figs. 95 and 
96. It will be seem that in the transit of 1874 the rotatioji of the Earth 
carries the northern stations tho wrong way\s, regards that lougtliening 
whi(*h is miuired ; while in the transit of 1882 the northern stations are 
carried the right way for tho shortening which is required. As to the 
southern stations, it will ho seen how, according as’ they lie above or 
below th(5 pole (as shown in tho maps), the lengthening or shortening 
<vin he increased or diminished. It is the fact that no stations below 
the poh^ ar(‘, suitable in 1882, which spoils the otherwise sound reasonii^ 
of the Astronomu'r Royal, ii ' 

t It. will b(^ H(Hm from fig. 93 that tho path of the Earth crosses thesur^ 
face of tho shadow-conomuch more obliquely in 1874 than in 1882 ; and, as 
this path is as it W(‘re the reflexion of the apparent path of Venus over thq 
Sun’s disc, Venus crosses the limb much more obliquely in 1874 than in 
1882. Thus ihc actual progress of ingress and egress must take place 
much more slowly. Mr. Stone believes that all time-errors will he 
(toiTospoudingly increased. The comparison above referred to is founded 
• G a 
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And now I propose to indicate, in conclusion, considerations 
which lead me to believe that the direct method of deter- , 
mining the actual parallactic displacement of Venus on the 
Sun’s disc can be applied under very favourable circumstances 
during the approaching transits. 

Let us first consider if we cannot inopart diminish the 
difficulties which seem inherent in this method. ^ 

Suppose an observer at one station sees Venus at a given 
epoch as at a (fig. 97, T.), while at the same epoch another 
observer sees her at b. Then it is perfectly obvious that in 
such a case a^ is illustrated by I., when the two observations 

Lig. 97. 



Illrstrating the displacement of Venus as seen from different 
terrestrial stations during transit. 

are broughir into comparison, any error affecting the Imring 
of B or “a from c will tend to produce its full effect if. increas- 
ing or diminishing the parallactic displacement separating 
A and B. But now suppose that a and b in IL represent the 


on this opinion, very nnfavourahle to my views. I must, however, ex- 
press nay own conviction that though the time-errors will be larger in 
1 874 they will not be proportionately increased. The slowness of ingress 
and egress will give the observer an opportunity of observing the features 
of ingress and egress more satisfactorily. Especially if my suggestion 
is attended to as regards the breadth of the ligament at the moment of 
breaking or forming (see p. 63) will this be the case. Apart from this, 
all the time-differences are increased precisely in proportion to the 
slowness of ingress or egress, a very slanting passage is ccsteris paribus 
as favourable as a more direct one. 
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true fipparent positions of Yenus as seen from tlie two stations 
- — a, Z», and c (the centre of the Sun’s disc), lying on, or nearly 
on, a lino. Then it is clear that a small error of bearing will 
]) reduce no appreciable effect in increasing or diminishing the 
parallactic displacement separating a and h. 

Ibnice, since dij?ta,nces are much more easily determined 
than l)earingf?in observations such as are here considered, it 
is obvious that if we select pairs of stations where the paral- 
lactic dis[)lacenicnt of Yenus will be along a radius of the 
Sun’s disc, the nistilting estimate of the distance of Yenus is 
niiicli more likely to be correct than in any *other posgible 
case. . ^ 

Now, if we incpiirewhat are the conditions to be fulfilled 
for this puri)Osc, we shall find it exceedingly easy to obtain a 
gcoinctri(‘al means of determining what the answer should be. 
Lines drawn to Yenus from two stations on the Earth meet 
the Sun’s disc on a lunlius^ if they are to fulfil the required 
coinlit.ions. In other words, these lines are in a plane which 
])asscs through the Sun’s centre, and of course they are in a* 
plane through Yonus’s centre, since each passes through that 
camtre. Keneo they in a plane through the axis of the 
cones shown in iig. 92; for this axis passes through the cen- 
t,rcs of Yenus and t.lie Sun. But a plane through the axis of 
con(!s must intersect such a section as v in figs. 92 
and Od a radial line. Hence the two terrestrial stations 
iniLst at the moment of observation be on a line through 0 in 
lig. 9d. Now, the slanting lines over Plate VIII. are such 
radial lines ; and therefore any two stations tchich in any figure ^ 
of this plate lie along one of the slanting lines fulfil the required 
conditions, Th(iy must, however, be as far apart as possible. 
Vov exam] )lo, taking the fifth picture of the Earth in Plate VIIL, 
w(i sec that Japanese stations and a station near Crozet 
Island could be very effectively combined at the hour named 
luidc.r this particidar presentation of the Earth. 

(.)f course the best of all such opportunities would ari^e 
wlicn the two stations lay near opposite extremities of one of 
the cross -lines traversing the middle of the Eai’th s disc, 
o G 2 
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The various stations which fulfil the required conditions 
can be vci*y readily determined from a study of Plate YIIL * • 
The application of photography, as proposed by Mr. De La 
Pue and Lieut. -Col. Tennant, would be greatly facilitated by 
the choice of stations on the principle here enunciated. (See, 
further, my paper in the ‘ Monthly Notices«of the Eoyal Astro- 
nomical Society,’ No. 3, vol. xxx.) • 

The following tables, which I have calculated with great 
care, supplement this essay, and serve to exhibit the qualities 
of the pu'incipal stations suited for observing the transit of 
1874:, either respects De Lisle’s or Halley’s method : — ^ 


TRANSIT OP 1874. 


Tablu I, — Places where Ingress 
is accelerated. 


Table II . — Places where Ingress is 
• retarded. 


m 

Station 

Sun’s 

eleva- 

tion 

Accele- 
ration in 
minutes 

station 

• 

Sun’s 

eleva- 

tion 

Hetarda- 
tlon hi «L 
minutes. 


deg-. 

m. 


deg. 

m. 

■SVoahoo . 

19-8 

11*2 

Crozet Island . 

15'0 

12-6 

Hawaii . 

19-7 

11-1 

Enderby Land 

20-0 

11-8 

Alton Id., i^lentian . 

10-8 

• 10-3 

Kerguelen Land 

27-5 

11-6 

]VIar([UosaR island . 

17-7 

7-9 

Macdonald Island . 

3ifl;0 

1P2 

Moatli of Amo or R. . 

14*0 

7-6 

Kemp Island . 

30-0 

11-1 

Jeddo 

32T 

6*8 

Bourbon Island 

12-4 

11-1 

Otahoite , 

29*7 

6*4 

Mauritius ; 

14-1 

10-7 

Nertchinsk 

lOT 

5*8 

Amsterdam Island . 

34T 

10-3 

Tsitsikar 

17*0 

58 

Rodriguez 

19-0 

9-9 

Kirin-Oula 

19-5 

5-7 

Sabrina Land . 

45-0 

8*2 

Rjiftpisaki 

32-7 

5-3 

Ad^lie Land . 

45-0 

6 8 

Tientsin / 

22*2 

5-cr 

South Victoria Ld. . 

38-5 

6-0 

Pekin 

20*8 

4*3 

Perth (Australia) 

650 

5’3 

8haiij];hai 

28-5 

3-9 1 

Royal Co. Island 

62-0 

4’5 

Nankin . 

27-1 

3*6 

Madras . 

2V0 

4-0 

Canton - 

35-5 

1-6 

Bombay . 

12-5 

3-8 

Hongkong 

36*2 

1-6 

Macquarie Land 

52-0 

3*5 




Hobart Town . 

67-0 

2’8 

(p 



Adelaide 

750 

2-5 




Melbourne 

75‘0 

2-2 


r 


r 
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VrRANSlT OF 1874. 

■% 

Tahlk III— Places ichero AV/rm Table lY. --Places where Ee/ress is 
is accelerated. retarded. 


Htatiou 

Sun’s 
eU* va- 
tic u 

A code- 1 
•atioii ill 
minutes 

Station 

Run’s 1 
eleva- 
tioii 

Betar- 
lation in 

ninutos. 

• 

• 

South Victoria Laud 
(I'oKsessioiillnd.) . 
Adolio Land . 
Campholl Island 
}^iuerald . 

Macquarie Island . 
Ohathaiu Island 
Canterbury (N.Z.) . 
Wellington 
vSahrina Land . 
‘Knderby Laud 

Koyal Co. Island 
Auckland 

Kemp Island . 
Hobart Town . 
Melbounur . 
Sydney . 

Adelaide 

Korgiuden Laud 
Orozot Island . 

Perth (Australia) . 

deg. 

25*0 

;iP0 

2G‘0 

30’() 

32'() 

IC’O 

22-r) 

20-0 

43’(T 

39-0 

4 2*0 
19'2 
51-0 
4()'0 
43.0 

3 7' 2 
47-S 
7)7-1 
47-r) 
G(j-2 

m. 

11-4 

10-G 

1()'3 

10-3 

<.)-8 

<)•« 

9*3 

()-2 

9-2 

8-7) 

8-r> 

8T) 

7-0 

7-0 

GO 

GdJ 

5-8 

5-0 

4-2 

3-G 

Orsk 

Omsk 

A.sl.racan 

Aleppo . 

Posliawur 

Alexandria 

Suez 

Kertchinsk 

Delhi . 

Tsil.sikar 

Bombay . 

P(kin 

Kiriii^Oula . 
Tientsin. 

Calcutta 

Aden 

ISfankin . 

Maalras . 

Shanghai 

Canton , 

Hongkong 

deg. 

12-d 

11- O 

12- 0 
14'G 
31-5 
14-0 
10-1 
lO-l. 

as-o 

1 12-0 
45-0 1 
1 21-0 
14-0 
>7’1 
4r)'3 
3()'() 
27-0 
7)2-0 
2G-0 
37-0 
37-0 

m. 

11-8 

11-7 

11-6 

10-7) 

10-3 

10-0 

9-S 
9'4 
8'7 ' 
1 8’ 7) 

8'G 
8-4 
8-4 
8-2 
7-8 
7-G 
7-4 
7-lJ 
G-G 
G-5 
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Table V. — STiowinff the actual difference of duration when com^arm 
is made between different stations. 



Stations wheue the Duhasion is Shortened 

Stations where the 
duration is lengthened 

South Victoria 
Land 

1 

.2 

MJJ 

% 

Sabrina Land 

Macquarie Land 

Royal Co. Island 

> 

Hobart Town 

1 

1 

j Melbourne 


Differ. 

Differ. 

Differ. 

Differ. 

Differ. 

Differ. 

Differ. 

Differ. 


m. 

m. 

m. 

m. 

m 

m. 

m. 

m. 

Nertcliinsk 

33*0 

33*0 

33-0 

28*9 

28;6 

26-0 

24-5 

24*4 

Tsitsikar * 

31-7 

31*7 

31-7 

27*6 

27-3 

24-7 

23*2 

23*1 

Kirin-Oula 

31*5 

31-6 

31-5 

27 T 

26*8 

24-5 

23-0 

22*9 

Tientsin . . 

30-8 

30-8 

30-8 

26*7 

26-4 

23-8 

22-3 

22*2 

Pekin 

30*3 

30-3 

30'3 

26-2 

25-9 

23-3 

21*8 

21*7 

ITankin ? 

28*6 

28 - 6 . 

28-6 

24-6 

24*2 

21*6 

20*1 

20*0 

Shanghai T 

28-5 

28*6 

28-5 

24-4 

24-1 

21-5 

20*0 

^^ 19*9 

Canton 

25-6 

25-6 

25-6 

21-5 

21.2 

18-6 

17-1 

17*0 

Hongkong 

' 25-5 

25-5 

26*5 

21-4 

21-3 

18-5 

17*0 

16*9 
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ECLIPSES. • . 

• 

Solar Eclipses play so importiint a part in aiding our study 
of the Sun, that this work would be incomplete without an 
account of tlie laws according to which these phenomena 
occur Even lunar eclipses bear significantly on certain 
questions of solar physics ; so that since the two orders ol 
eclipses cannot very well bo considered apart, the 
theory of eclipses will be presented in this essay. This isi, 
the more desirable because in all the popular treatiges on 
astronomy with wliicfi I am acquainted the subject .f eclipses 
is hut inadeciuately dealt with. I wish, without entering 
into the discussion of niinutim, to convey a clear idea ot the 
orderly Bcquencc which charactcifises the OccuiTonce ol 

Let tile reader first endeavour to conceive the Moon’s orbit 
as a ling accompanying die Earth as she moves oiiwiixd in 
her path round the Sun. Tliis ring is not truly cireiilar, nor^ 
is the Earth at its centre, nor docs it occupy a fixed position 
in space, nor is its sise invariable; hut all these 8omte*ve 
inaWbr tlie moment overlook. The one point to which I 
desire the reader to direct his special attention is the fiict that 
this orbit (neglecting perturbations) is to he conceived as ac- 
companying the Eartli and si lifting parallel to itself along t e 

changes in shape precisely in tke same way that the Lait . 


equator clianges during tlie course of a year. The orbit may 
be said in fact to have its summer and winter and its equinoxes, 
corresponding to the epochs when it is tilted with its nortliern 
or southern side towards the Sun, or when its plane is turn(*d 
directly towards him. The orbit opens out and closes up 
precisely as the ring-system of Saturn ^oes, only in the 
course of rather less than a year instead of nearly thirty years, 
and also within much na^’ower limits of change. 

There are reasons which render it unadvlsable to attempt 
to illustrate the motion of the Moon’s orbit around the Sun 
directly ; the chief being that the distance of the Earth irom 
the Sun so enoftnously exceeds the diameter of the Moon's 
•orbit that a picture accurately drawn to scale and intended to 
show the Moon’s orbit ought to be several yards in diameter. 
On the other hand, pictures not drawn to scale are most un- 
satisfactory illustrations of astronomical relations. 

Let us, however, picture the Moon’s orbit, as supposed to 
be seen from the Sun’s centre at different epochs of its passiige 
around that orb. 

^ First of all, let us consider the orbit when so placed as to 
appear^like a straight line across the Ea]j.th’s disc. It is them 
as shown at I. in fig. 98 ; in which E represents the Earth, nivif 
the Moon’s orbit, m the Moon at a point on her orbit (this, 
merely to indicate her relative dimensions) ; and the dotted lino 
a part of t^ie Earth’s path ^hat is, a part of the ecliptic)^ The 
ar^ow on this line shows the direction in which the Earth is 
moving while the small arrow on m ml shows the direction of the 

^ I am convinced that a large part of tho perplexity which intelligent 
and thoughtful readers experience in the study of astronomical works is 
diie'7,0 the incorrect proportions of^the figured objects - orl)its, gloljcs, 
and so on. I believe, also, that but for those monstrous pictures tlu' 
charlatans who pretend they think the Earth a plane or the like, would 
not find hearers, still less (as they believers. I know many worthy 
people, far from wanting in abilities, who only believe the theories of 
Copernicus, Kepler, and Newton, on the score of authority, — not because 
the evidence in astronomical treatises seems to them convincing or even 
intelligible. 
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Moon’s motion. It is to be noted that; tlie arrow is supposed 
to lie on the nearer part of her orbit in all the presentations 
included in fig. 98. 

Now, tlie Earth moving off towards the left, while the orbit 
m 7 )i' moves along with her and parallel to itself, it is perfectly 
obvious that we shall begin to see the orbit open out, its lower , 
side (regarding it as a plane) becoming visible. In other 


Fro. 98. 



lUuHlratiug the apparent change, s of the figure of the Muon h orbit 
as supposed to be viewed Iroui the Sun. 


wordH, it will begin to assumoroeb an appearance as is shown 
at II. the nearer half npi)ermost and the slope chmmished (tlio , 
iigurcR, letters, and arrows representing tlie same relations as 

bofbni.) • 1 ^-1 

Hut to siuq.lify matters at this steigo, let ns consider Jilie 

changes in another aspect. Siucc-the Earth is going oil towarefe 
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tlie left and round the observer, who is supposed to be at the 
Sun’s centre, it is plain that the same changes will take place 
in the appearance of the Moon’s orbit as though the latter re- 
mained fixed and the observer set off towards the right, and so 
went round the Earth. But we get the same changes of view in 
^ going round an object as though we remained still and the 
object simply turned round. For example, lef fig. 99 represent 
a plant in a flower- pot, and suppose that an observer, 
Fig. 99. keeping his eye on a'level with the rim of the flower- 
pot, went round the pot, setting off towards the right : 
then it is perfectly obvious that he would see the 
same successive views of the plant as though he re- 
mained still and the flower-pot were slowly twirled 
(not shifted') by means of the suspending cords in the 
direction indicated by the arrow. Applying this 
consideration to the case in hand, we may conceive 
E in fig, 98 to be slowly rotated on the axis a a\ carrying the 
orbit m m! with it, as if that orbit were *5rigidly attached to 
E ; the rotation being such as to carry the nearer part of the 
OKbit towards the left. Then all the changes of appearance 
will be#^ precisely the same as occur in the actual case in 
which the Earth moves bodily off towards the left around the 
observer in the Sun.* 

* This mode of considering^the case is not only very conyenient in 
this special instance, hut also in many other cases. In such a^vay, a 
much clearer conception may be formed of the orderly succession of the 
seasons (see my Sun Views of the Earth') than by the ordinary way of 
conceiving the Earth on her progress around the Sun, a conception 
rendered difficult to the general reader, on account of the twofold 
orders of change — change of place and change of relative bearing — 
whicn have^ to be attended to. Iiv-like manner, the changes in tlie 
appearance of the Saturnian ring-systein, as supposed to be seen from 
the Sun, are far better imderstood in this way than in any other. The 
^general principle on which this mode of considering such cases 
depends may be thus enunciated: — When a body or system shifts 
parallel to itself as it circles around a centre, the changes in the a'p'year- 
anceof the body or system, as supposed to he seen from that centre, are 
precisely the same as though the Zbdy or system- rotated on an axis at 
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The reader will at once see how the successive appearances 
represeuted in fig. 98, from I. to IX., would result from this ^ 
simple rotation of the whole scheme upon a a'.* We see the 
orbit-ring opening out and becoming level, closing up and 
becoming inclined with the left extremity uppermost, opening 
out again and again becoming level, and lastly closing up and , 
becoming inclined, as at first, with the right extremity upper- 
most. Tlic whole rotation is supposed to hike place in the 
course of a year, because the Earth bikes one year in completing 
her circuit. Further on we shall have to consider a pecu- 
liarity which causes all these changes to take place in rather 
loss than a year ; but for the present we are not coBcerned ^ 

•with details of tlie f^ort. • 

Now, it only needs a glance at fig. 98, to see that when the 
orbit is’ presented as at I. there will be an eclipse of the Earth 
if the Moon is on the nearest part of her orbit, and an eclipse 
of the Moon if the Moon is on the farthest part of her orbit. 
Eor it is to be femembered that we are supposed to be 
stationed at the Sun ; so that if M hides any part of e from us 
{i e., from the Sun) that part of E must bo in shadow ; wh?lc 
if E hides any part of m, or the whole of m, from us, that part 


riaht anr/Us to the piano of its actual orhit, in a dinction cmiiranj to 
that of ks real motion, ami in the same period. In suc.li a eaao as tlio 
illustration of the Earth’s seasons, must, after eon jidormg each 
chanCo of bearing, conskhir the effect of a comvlcte rotation of the 
on her owt a.is ; just as in the case dealt with in the text we 
coinsidor the Moon’s rovolntion in her orhit in addition to he success^ 
changes in the aspect of the orhit. In my San o/_ 

twclLnccossivo plates corr.rspoiid to twelvo changes in the Eai th s 
ceneral presentation towards tho Sun during the ® 

months, ^wliilo tho four pictm-es ii^each plate correspond tatho eftmgos 
TL 0, mr.se of a day (at intervals, therefore, of Hi.x hours), owing to 
the' Earth’s rotation. So illustratml, tlils _ niethod of ^ the 

suhiect of the seasons bocomes singularly simple and tomdul. 

* Of course the arrow on m m', and tho gleho of the Moon at M, are 
simolv mit in each figure at that part of tho orlnt which is most con- 
vouLid, and are not supposed to ho carried round with the rofeitiou 
hero Hpocitilly dealt with. *' 
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or the whole of m is in shadow. But when the orbit is presented 
— a quarter of a year later — as at III., there can be no eclipse, 
wherever the Moon may be on her orbit. A quarter later, 
when the orbit is presented as at Y., the same state of things 
results as at the beginning ; and yet another quarter later, 
when the orbit is presented as at YIL, no eclipse is possible. 

The figure is drawn as nearly as possible to scale, and we 
see that the intermediate presentations of the orbit as at IL, IIL, 
VI., and YII., are such that there can be no eclipses. We infer, 
therefore, that eclipses can only happen when the orbit is pre- 
sented as shown at I., and for some relatively short time before 
and after that epo^ih. At such times, whenever the Moon (m) 
cj-'osses the place of e, on tbe nearer or farther half of m’s orbit, 
an eclipse must occur. But after that eclipse-season (if I 
may invent a word) has passed there can occur no eclipses of 
either sort until nearly half a year has passed and the presen- 
tation of the orbit has approached that shown at V. Then, lor 
a while, eclipses are possible. Lastly, aftei^this eclip)se-seasou 
has passed, another period of nearly half a year passes during 
which eclipses cannot happen. And so on continually. 

All tl>is is perfectly simple and obvious. The recognition 
of the fact^ that these eclipse- seasons recur at intervals of 
about half-a-year tends also importantly to simplify the 
consideration of the whole matter. Let me note in passing 
that the term eclipse- season is not ill-chosen, inasmuch as 
one eclipse at least must needs takes place while the presen- 
tation of the orbit is changing through the critical aspects, 
such as I., V., IX. (fig. 98), and so on. 

^But let us now enter somewhat more into details. And 
first let us inquire how much the orbit m 7ii' must be opened 
out i?l ordeSl- that the Moon (m) may pass clear of e, whether on 
the nearer or farther side, in such sort that there may be no 
eclipse. 

We have hitherto, for convenience, supposed the observer 
at the Sun’s centre. But now we must give him liberty to 
traverse the whole of the Sun’s globe; or rather we may 
suppose that millions of eyes, placed all over the Sun’s 
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surface are viewing the changes pictured in fig. 98. For if . 
any part of tlie Sun is concealed from the Earth or Moon a 
solar or lunar eclipse -partial or otherwise— is in progress. 

NoWj suppose the Earth and Moon, as seen, from the Sun s 
centre when the J^Ioon is passing close by E in fig. 98, to be re- • 
presented ty the discs k and m (fig. 100.) Then m is cither 
on this side of e or beyond E— that is, it is either new Moon 
or full. 

First, suppose m on this side of E. Then if our observer 


Pig. 100. 



leaves die Sun’s centre, and goes to tlic uppermost point of die 
buii’a surliice,* botli e and m will seem lovver down on the 
background of the heavens — e by about sixteen mkiures of arc 


* 1 use lioro tlvo fiiniiliar exprusHion vppmiimt and further on, the 
familiar expression lowermost. It is not always the ease, howiwer, that 
iamiliur expressions are the. most intollisiblo. 1 couhl eito mstansos 
from sovoral popular works on astronomy to show that the uso oi 
familiar and ordinary oxpros.sio.is may result in tlie most pyplexi^ig and 
iu reality untrue statements. In*he present instance, the ^irm uppor- 
niost refers to the relations preseiitod in fig. 100, and the uppormos 
point »ii the .Sun will bo readily undorstood to signify the point on th^ 
‘suu eorresponding to the point s on tho globe n representing the Earth. 
In any general sense, tho term upporniosl has no meaning as applied to 
elstial bodies, and must bo classed in tlie same category with 
many expressions (too often mot with in scioiiUfic treatises) wliose very 
fiiniplicity iy iuiyl<-‘adiiig. 
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(half the Sun’s diameter as seen from the Earth), M somewhat 
more as being nearer to the Sun. And a very little considera- 
tion will show that M will be thus thrown downwards with 
respect to e, to a position as m', such that m on' bears to c on 
the same proportion that the Sun’s semi-diameter (as seen at 
the time from the Earth) bears to the MoonV-. On the other 
hand, if our observer proceeds to the lowermost point of the 
Sun’s surface he will see the Moon projected as far upwards, 
or to the position m" on". And clearly, by shifting his place to 
other portions of the Sun’s edge as seen from the Earth, he 
would see the Moon shifted in other directions; the whole 
region*'covered by the Moon during these excursions corre- 
{^onding to the circle on' on", whose diameter bears to the dia- 
meter of M the same proportion which the Sun’s apparent dia- 
meter, added to the Moon’s, bears to the Moon’s diameter alone. 

Now, if any portion of this circle on'on" overlaps the circle 
E e, there will be a solar eclipse ; and this ^amounts to saying 
that if half the lesser axis of the oval orbit m on' in fig. 98 be 
less than the amount corresponding to C e! together with c on' in 
fig. 100, there will be a solar eclipse when the Moon is passing 
by E. * ^ r 

And clearly we shall have precisely the same relations when 
the Moon is close by e on the further part of the orbit. The 
only difference jin the reasoning depends on the circumstance 
that when our imagined oSserver goes to the uppermo^^ part 
of the Sun, the Moon is raised instead of lowered with respect 
to the Earth, and vice versd. But we still get a circle such as 
m' m" in fig. 100. 

' Hence it appears that so long as the orbit on m' in fig 98 has no 
greater opening than that corresponding to the sum of the 
diameters bf the circles e e' and n' on" in fig. 100, there will be 
a solar or lunar eclipse when the Moon is passing by E 
r(fig. 98) either on the nearer or further part of her orbit. 

But we can readily tell (with sufificient approximation 
for our present purpose''^) how long the orbit on m' (fig. 98) 

r 

<0 

I have purposely omitted, so far, all reference to certain circum- 
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takes in changing from the appearance shown at I., V., and IX. 
to such a degree of opening as enables the Moon to pass by E 
without an eclipse, and thus we can readily tell what must 
hapj)en during our ‘ eclipse-seasons.’ 

For this ]nirpose, we may now take into consideration a 
circumstance hit^ierto left out of sight — the hict, namely, that • 
the Moon’sorbit does not move strictly parallel to itself. It 
would do so were the Sun powerless to disturb the Moon’s 
motions around the Earth. But as a matter of fact the Sun 
largely inllucnces those motions. Much in the same way 
that l)y acting on the protuberant mass of the Earth’s equa- 
torial regions he causes the Earth’s axis to sway conically 
round the direction of a perpendicular to the Earth’s orbit— 
making the ])olc of the heavens travel in a circle around the 
polo of the ecliptic in a period of more than 25,000 years — 
so he causes the line through the Earth at right angles to the 
Moon’s orbit to sway conically round the direction of a per- 
])ondi(mlar to the Earth’s orbit, making the pole of the Moon’s 
orbit travel in a circle around the pole of the ecliptic in a 
pc'riod of rather more than 18i years, or, more exactly, 
(;70;Mh)l()80 days.-* The motion of the nodes of jihe* orbit — 
that is, ol’ the points in which the orbit crosses the plane of 
the Earth’s or] nt—\sp recessional, like the corresponding motion 
ol'the nod(‘s oi'the Earth’s equator — that is, nodos advance 
as it \vere to meet the Moon. It is easy to see th« effects of 
this^notion on the reasoning applied to fg. 98. Suppose 
7)1 E mf (fig. 101) to represent the line in which the plane 

stanc(‘s which affect tho details above considered, without affecting the 
gc.nenil misoning. For oxamplo, tho orbit of tho Moon, as seen from 
tho Sun, is not truly an ellipse around the Earth as cerjre (without 
roforriiig to perturbations or the Ifice). Bogai’ding tho Moon s orbit for 
tho nionuint as a circle about tho Earth as centre, a diameter of this 
circle, as seen from tho Sun, would not appear to he bisected at it» 
vm\ point of hisocti on— unless it wore at right angles to tho line of 

f()i» its two halves would not bo at exactly equal distances from 

tho supposed observer. This and many otlior similar points, thougjj all- 
important in an analysis of tho Retails of eclipses, may be safely 
noglocted in considering the general aspect of the subject. 


464 


THE SUN. 


of the Moon’s orbit around the Earth (e) intersects the 
plane of the Earth’s orbit round the Sun (s) : m E m* is there- 
Ibre the line of the MoorHs nodes. Then at the end of a 
year when the Earth is again at e, the line of intersection 
will have taken up such a position as e w', so that it is 
^ obvious that before the Earth came to e, ^r when she was 
placed somewhat as at ef the nodal line had pasted through 
the Sun. Now, it would be easy to determine geometrically 
where e should fall ; but there is in this and all similar cases 
a far simpler mode of determining the intervals between the 
successive concuirences of the nodal line with the line joining 
the Siftn and Eaffch. We see that if the nodal line moved 
*' parallel to itself as from m nd (fig. 101), to I f and so on, it 


Fig. 101. 



Illustr^ing the retr^igression of the Moon’s nodes. 

• 

would seem to revolve with respect to the line from s to the 
Earth in the direction shown by the arrow near and in 18-6 
years would make 18*6 revolutions in this direction. But in 
about 18*6 years the nodal line travels once round in this 
sam^ dir^^tion, owing to the perturbative effects already 

* S e is not quite parallel to n e, but inclined so that the lines 
would meet towards n' e. It is plain that if s e were parallel to n b, 
"then when the Earth was at e the Moon’s nodal line, not having fully 
reached the direction n n', would not have coincided with the line from e 
to the Sun, the end corresponding to n falling in that case below s e. 
The^Earth would not therefore have gone quite far enough round 
towards b. The true place of e is tkerefore such as described. 
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rcfcri-od to. nciiCG in all, in the eounsc of 18-0 years, it inakes 
H)*(; revolutions in this direction. TherefoTe it makes one 
revolution in v^.Ilths oF a year (approximately), or about 
81 (M; days, so that lialf oFtliis tinu‘,, 173*3 days, or about live 
months and throe weeks, is the mean interval at which our 
eclipse-seasons succeed caidi otlier. 

Now (ho greatosi? o})(!ning ol'tho IMooiTs orbit as seen Iroiii 
the Sun is easily d(!termined. The l\Eoon’s orbit is inclined 
about 5 °!)' to the Earth’s, and thcrel'ore ifji vi m' m^(fig. 102 ) re- 
present the Moon’s orl Fit as seen when most openuaj, 10 m or ic m' 
(half the lesser axis) bears to E m or E m' tlui ratio which tlie sine 
(>(‘5°*.)^ b(3Jirsto unity, or (nearly enough lor our^purpose) JX]\r or 
E m' is about E m. or E ‘ui’. But as seen Jrom tlio 81111 , 

the Earth’s radius subtends about -,.\,thpart o1‘e m', the Moon's 

Eio. 102. 


Iliustratiiig the Theory of Eclipses. 

about, a fourth as much, and (since the mea,ii ‘kip])arent 
diameters oF the 8un and Moon as seen Iroiii the Earth are 
nearly e([ual) wc may <add another fourth For the ([uaiitity 
corresponding tom m! in fig. 100. Tlius we get in all Jl, 
sixtieth*!,” or .j\)lh of E v??, as the length Avhlch the hall-axis ol 
the iMoon’s orbit, as seen from tlie Sun, must not. exceed it 
there is to he an eclipse wlicn the Moon is crossing the Earth s 
apipaa’cnt place. Such a lialf-axis would be about |■',^ths ol 
E 

But it may easily he sliown tj[iat wliereau E M tlie^grcatdst 
0])cniiig is obtained by rotating the orlnt (in the manner already 
explained) from the position sliown at i., tig. 08 , through a right ^ 
angle, ;iny smaller amount of opening, as e k (llg. 102), will 
be obtained l^y rotating the orbit through an angle equal to I E u, 

<■ Oblaiacd by divich'ng ,b by (h,. 

II it 
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obtained, as shown in fig. 102, by drawing the quadrant (t 
and 1^1 parallel to Ea.* And therefore (rciiieinbcriiig 

* This is a very important general proposition, continnally involved 
when we are considering tlie apparent changes in llio presmitation of a. 
globe, orbit, or ring ; — as the changes in the Earl If s ])re8t‘ntat ion towards 
the Sim (on which the seasons depend), or the cli^nges in the appunait 
figure of Satunfs rings, or of the orbits of liis satellitos^ov, again, 
changes (which belong more particularly to the subject of this treatise^, 


Pin. 103. 



in the presentation of the Sun’s latitude parallels — the paths api'iavent ly 
followed by the spots as seen from the Earth. The following simple 
geometrical proof of the property is worth iiotieing, and is, I beliewe, 
"new : — 

Let E e' be a circle seen edgewise from a very distant station, so as 
to ^ppeaivis a straight line, and suppose that the circle votati'S bodi ly 
about the axis a a' through its centre o ; it is rt'quirod to detmaaiiu' tlu' 
aspect of the circle after any definite amount of rotation. Mnelose tlu' 
^ circle in a sphere about o as centre, and let 3 " 0 p', a polar axis of the 
circlo at the beginning of the motion, rotate with it. Tlaai, from 
the distant station, p and p' will seem to move along right lines a q and 
parallel to a 0 a', though in reality the line pop' will 1)(' n- 
yolving conically and uniformly cphout a a. And it is clear that it’ a 
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always what the rotation corresponds to) it follows that the 
time occupied by the orbit ia opening out from an apparent 
line to an oval having a half- axis e will hear to the time 
occupied by the orbit in obtaining its full opening the same 
proportion that the angle It. a bears to the right angle me a. 
But we require this proportion to be such that h e shall bear 
to M E the ratio 5 to 18 ; and it follows, therefore, that the 
angle Z E a must he one of as nearly as possible IG^ degrees.* 


circle bp dcseribod on p q as diameter (only half the circle is shown in 
the figure), then, as p really revolves iinifornily round a circle of this 
size, but soon edgewise, we can determine the apparen^position of p after 
rotating through any given angle, by simply taking p k l equal to this 
angle, and drawing a perpendicular l p on p q. At this moment, then,* 
p 0 j/ represents the apparent position taken up by p 0 p' ; and clearly 
& Q e' at right angles to pop' is the greater axis of the ellipse now 
presented by the moving circle. The minor axis h 0 b' lies of course 
on p yj'. Now in order to determine the length of 0 h', conceive the 
circle to rotate on c 0 Cy till h and appear to coincide with 0 . Then 
plainly p Las moved to m on the edge of the disc presented by the 
sphere (o p m straight), and it is obvious that the amount of rotation 
about e o e' necessary to effect this change is measured by the^arc 'ni 
{p k being drawn square to 0 m), so that 0 h must he the projection of 
a radius inclined to the as o 7c is inclined to o m. Tlftrefore o h 
must be equal to p that is to l (for l p and p k are obviously equal , 
since the square of each is equal to the rectangle Qp^p v). 

Hence we have a very simple construction for deter milling the 
of the ellipse ebe' h' for any amount of dotation round a « cL ^ This 
eonstmetion in full (starting from nothing given, save e 0 e, the 
position of a a', and the amount of rotation) runs thus;— 

Describe the circle e p e', draw pop' square to e e',^ and p n square 
to a cL Describe the arc p l equal to the given rotation-angle, roiiu ^ 
X as centre, and draw i.p square to n p. Then pop' is the position 
of the lesser axis of the apparent ellipse now formed by i e ci]^ e 
originally seen as the line e o e ; lji is the length of t e la axes 
and o f/, which wv can now measure off along pop] and of cour. 
major axis is simply the diameter e 0 square to pp . 

Also, since the greatest amount of opening is obvious y ohta ned b> 
drawing e n, b' parallel to . 0 and since b o' b' s obviously equal 
to P K Q, the statement made in the text is showm to he just. ^ 

The angle must have a sine equal to 0*2777 7/ , and the sine of « ^ 

is 0*277734. * 
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Hence the required time is obtained by reducing half tlio 
bcibro-mentioned period, 173*3 days, in the proportion of Ki J,- 
to 90 ; that is, as nearly as possible, 15^ days, which must bo 
doubled, because we have to consider the range on either side 
of the epoch corresponding to the presentations i., v., ix., in 
* fig, 98. Thus, so far as this rough process is concerned, the 
eclipse- season lasts 31 days, or thereabouts* The real mean 
is somewhat greater, for the Moon’s diameter is more than 
one-fourth of the Lartli’s. But, as we have only had in vieAv 
the general principles on which the recurrence and duration 
of our eclipse-seasons depend, exact accuracy has not (thus 
far) lD«en necessifry. Por our present purpose we shall take 
^hii ty-tliree days as about the average, and consider one or 
two consequences of this relation. 

A period of 00 days is a few days more than a lunation. 
Hence, supposing that when an eclipse-season is beginning, it 
is either new Moon or full Moon, there wnll be three eclipses 
dining that season, for the Moon will pas# to full or new, and 
thence to new or full, before the eclipse-season is over. Now 
(ff these three eclipses the first and last will be solar or lunar, 
and tlm other lunar or solar. Yet we never hear of a lunar 
eclijDse folfowed by a solar eclipse, and then by another lunar 
eclipse, in the course of 33 days or thereabouts. We do find 
instances (as anyone can see by looking through a few 
successive almanacs) of «, solar eclipse followed by a lunar 
eclipse, and then by another solar one within such an interval; 
but never of the other succession. The fac *s, the ‘ Nautical 
Almanac, from which all other almanacs take their astrono- 
mical facts, pays no attention to a certain order of liumr 
eclipses, to which, in the case considered, the first and last of 
a of tliree eclipses must necessarily belong. It will easily' 
be seen that if the middle eclipse of a set of three is a solar 
^ one, it will be very considerable, the orbit of the Moon being 
presented as at i., v., or rx., fig. 98. But the two lunar eclipses 
— one preceding and the other following the solar one-will 
be*very slight affairs, for they will happen when the orbit is 
Tj^xrely contracted enough (in*aspect as seen from the sun) for 
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an cclipsG to occur at all. As a matter of fact, they are of 
such a nature that though a portion of the Sun is hidden irojn 
the Moon the whole of the Sun is not hidden Jfoin any j'^art 
of the Moon’s illumijiated hemisphere. They correspond to 
partial eclipses of the Sun; Imt tlumgh a partial eclipse of the 
Sun is a iiotcwortliy phenomenon to teri-estidal observers, and ■> 
therefore finds a place in the ^ Nautical Almanac,’ one of these 
eorresponding lunar eclipses (differing* altogether ii’oni partial 
lunar eclipses properly so called ■^) is a very different matter, 
and can scarcely be recognised at all by the terrestrial obser- 
ver. Delicate photometric appliances would doubtless show 
that full sunlight was not shining on parts of flie Moon at? such a 
season, but to ordinary observation no trace of the deficiency 
of light is discernible. No notice is taken, therefore, of these 
eclipses in the ‘ Nautical Almanac,’ which deals (very properly 
of course) only with phenomena that can be observed. 

It will ])C seen then that under the circumstances considered 
there would be thrSe eclipses or one during the eclipse-season, 
according as full Moon or new. Moon occurred at the time 
when the Moon’s orbit was presented as at i., v., or ix., fig 

The case may b^ illustrated as in fig. 104 ; onl^^ th^ reader 
must remember that the just proportions of’ tlie orbits and 

In what is properly called a pcartial knar eclipse, there is a part of 
the Moon from which the whole disc 01 the Sun is coneoiilecl (setting 
asidethe refraction of the solar rays hy the Earth’s atmosphere); but, 
in the eclipses coasidorod, whicli I luivo ventured to designate 
hinctr vcli])SC8^ every part of the moon is illuminated by direct sunlight, 
though nut hy the whole solar disc. I helievc I may claim to have been 
the first to ealcuhito a penumhral lunar eclipse. The details are given 
in the MontMy Knticcfi of the lioyal Astronomical Society % 1867-1S68 
(vol. xxviii.), the eclipse occurri ng»on the night of Septemte 2 in that 
year. The theory of eclipses cannot ])o considered complete without 
a consideration of tln'so hitherto neglected peiiumbral eclipses. 
lunarians, if such there bo, the Sun must appear really eehpsed— 
though but partially — at such epocdis ; and in fact, as stated in the 
text, these eclipses coru^spond exactly to partial solar eclipses (that is, 
not to eclipses which, though really^total, are partially seen at celtain 
stations, but to solar eclipses which are partial wherever seen). ^ ^ 



distances cannot be indicated in a single diagram. If Avlien 
tlie Moon’s orbit is presented as at i., v., or ix., fig. 98 , the Moon 
is at Ml (fig. 104) there will be a central eclipse of the Siin ; 
blit when the Moon has passed on to :^r 3 , her orl)it, as seen 
from the Sun, will be so far opened out that no part of the 
Moon will he concealed from all parts of the Sn/i. Ilcnoo 
there will only be a penumbral lunar ecfipse, of which no 
notice will be taken in almanacs. And the like must liave 
been the case as respects the Moon’s position when at Mg before 
the central solar eclipse. On the other hand, if the Moon is 
at Mg when her orbit is presented as at i., v., or ix., fig. 98, there 
will be a total ellipse of the Moon. And, further, when the 
JMoon was at Mj before this eclipse, and when she is at 


I'm. 104. 



after this eclipse, the Sun must be partially eclipsed, though no 
2')art of the Earth will he concealed from all gnirts of the Sun. 

The sa^ie holds when the Moon is near io or in the 
middle of the ‘ eclipse-season.’ ^ 

But when the Moon is at or near M 4 or M 2 , at the time 
when her orbit is presented edgewise towards the Sun, only 
^wo eclipses can take place. Suppose, for instance, she is at 
M 4 , then, carrying her onwards, we see that she must eclipse 
the^un when at but that^he cannot be herself eclipsed 
when she gets to Mg, for then three quarters of a lunar month 
. will have elapsed since the middle of this eclipse-season, and 
an eclipse-season cannot last a month and a half under any 
circumstances. Carrying the Moon backwards from M 4 , we 
se%that she must have been eclipsed when at Mg, but cannot 
l^ave eclipsed the Sun -when^at Mj. Hence there occur two 
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colipst's, oiui solar and tlic other Innar, in this eclipse-season. 
And eh'arly the n'asiuiiiii*; is precisely the same when the 
M(>on is at in llie middU^ of an eclipse-season. 

same, holds when the IMoon is near to M2 or M4 in the. 
middh‘. of an (a‘li[tse-season. 

In thes(5 (‘as(‘s the two eclipses would not ])C so important 
generally as an (H^ipse oecnrring in the middle of an eclipsc- 
si‘ai-on. U’ t'lui Moon W(T(^ exa,ctly at Mo or M.i the solar eclipse 
wauild lui (‘entral aiul tln^ lunar eclipse partial;* but even the 

* It. is t'asy to i‘..\t«'nd th«‘ (‘alculalion iiiado above, as to the average 
diiratbin ol' ^M•lipsr-H(‘^lS(tns, to dclerniino how long the opening of the 
*M( ion’s (irhit, as S(>('n from tlu* Sun, eoiitiimes .‘•nail enoug]| for a 
p ii'th’ular ordor of eclipses to lak(^ place. In the following inquiry it 
will he understood that oidy mean values are eonsitlored. Farther on* 
till' I'lVeet: of the eeeenlrieity of the lunar and terrestrial orbits, and 
( ithor eireniuslaiiees, in inodifving the liniils of eeiip.se-.seasons, will he 
ihMlt with ; but only in a general way. 

For a central solar eclipse to take place— that is, cither an annular or 
total solar eeli]ise it, is neee.ssary that the opening of the Moon’s orbit, 
as .M'cn from the Sun’s cca//r, should he so small when now Moon occurs 
as to iuterscet, the Fart h’s disc. For clearly in this ca.se a line from 
the San’s centre to llu* Moon’s, at the time of new Moon, will fall on 
t he Fart h’s disc, ami wheri^ this lino meets the .Fartli there miftt iiecihs 
he a, eeiilral solar (Hdip.se; whereas, if the line joining* the centres 
of llie Sun and Moon did not; meet the Farth there could bo no central 
Old ipse. \Ve have, then, the greatest opening of the Moon’s orbit as 
fiefore, about ,;l„tliH of the long diametciM)f the orbit, *vhile the Earth’s 
diiimefef is, ns we know, but about a sixtieth part of this long diameter 
tor .;;nis (jf lh«^ gnnitest opening). So that the time required to open 
tlii^ orbit to Ibis extemt bears to 807 days (half of 173'3, that is) the 
ratio wbiidi an angle whose sim^ is bears to a right angle. Ihit the 
e,iu.- of .an augh^ of i.s about and such an angle is ahont 

'tths of a right* angUn .Ihmce the wnpiired time Is about 10^ days; 
;ni(h eoiuiting It on eitlu'r sid<^ of the middle of the eclipsft-scasog, we 
<';et, 20'* days as iho duration of wlJlit may he called the cohtral-solar- 
oelip.so-sciihon. 

Now t lie ndatioti here (‘onsiderod has no counterpart among recog- , 
nised ordiu’s of lunar iwlipses, siiuu^ the fact that a lino through the 
<Tn( reHof Mu^ Sun and Moon at the time ofliuiareelip.se crossed the 
Ivirth would correspond (.mly to the fact tliat the tSuii’s centre wa.s 
,,H,c(Hdcd from the centre of the Mopn’s disc, a relation not requii^ng 
special con.sidcralion. 



472 


THE SUN. 


sol.'ir eclipse, thongli central, would be less important (r(\rrar<l- 
iiig the 'vvholc JLarth, than a solar eclij)se occurring duriag tlu; 

Lot us, howoYor, iiicpiiro what are the arerago limils of the two 
oi’dors of hiiiar oclipsos which arc dealt with by astroijoiiiors - viz., 
total and partial lunar eolipwe.s. 

Total eclipses of the Moon aro dotcrinined by t^io consideration that 
all parts of the Siiii are coiicoalod from the whole of liio Moon’s disc 
(always setting on one side the effoets of atmospheric refract ion), and, 
therefore, the opening ot the lunar orbit must bo h'ss than tlui Mardi’s 
apparent dhimetcr, as seen from the Sun, by the sum of the two 
quantities, which, in the inquiry in the text, wore added tn that. 
diiimet(a\ Wo Tn%st, tluTofore, diminish the Earth’s apparent, diameter 
^ ^as seen from the Sun hy about one-half; so that, instead of getting tiie 
Tingle whose sine is about as before, we got the angle whose sine is 
bull ono-half of this, or an angle of about 5^ degrees; and the corre- 
spoudiug proportion of 807 days (or about 51 days) is one-half of 
the total-hmar-oclipse-soason, whose full length is therefore about 
11)1 days. 

Lastly, for the occurronco of lunar eclipses ^norally, wo must luivo 
the opening of the lunar orliit such that from some part of the Moon’s 
disc the whole of the Run is concealed, and therefore, on the assumption 
hitherto made (which is not far from the truth), that the averagu^ value 
of the 3^^n^s apparent diamotiT is equal to the ^boon’s, wo neeirneitiier 
incrfuiso noi^ climiiiish the Earth’s apparent diameter, as seem from the 
Sun. We therefore get the same results as when wo were considi'ring 
central solar eclipses— namely, lOl days for ono-half of tlu^ lunai^ 
eclipse-season, \^\oro full average length is therefore about 20^; days. 

Now th#so results enable us to determine the general c!#nditionH 
under wdiicli Auirious orders of eclipses w’ill occur during the oclipso- 
scason. 

That there may bo a central solar eclipse, the middle of the orhpse- 
^oasoii must occur when the Moon is somewhere within the arc Wj Ar, v 
such that and are each equal to the- space travorsnl by tlie 

Mo^i in about lOl days. That there may be a total luimr (rlips(^ tlu^ 
Tiiiddlo oflhe eclip.sc-season must teeur when the ]\[oon is somewhei'e 
within the arc such that 9?., ai, and ai, arc oa(*h equal to 

^ the space traversed by the Moon in about 5J days. Tha.i a parbal 
lunar eclipse may occur, the middle of the eclipse-sea, son must' take 
place when the Moon is somewhere on the arc ai.; such that 
'ji.^ AT,, and AT-, arc each equal to the space traversed by the hfoon in 
abCut 101 (lays. And, lastly, it w^Jl ho gathered from the iiupiiry in the 
t^'xt that for two solar eclipses to occur during the eclipse-st'asou, tlu^ 
middle of this season must take place when the Moon is*somewhcro on 
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midille of the oclipso-Roason. It is c<asy to sec in whnt lospoct 
it. would be less impor(.ant. When a solar eclipse ocenrs ni 
the. tiiiddlo of the eclipso-scason, the Moon’s shiwlow traverses 
the (centre of the Kiirth’s disc as seen from the Snn.^ It there- 
loro, Las a longer course on tlie Earth, ancl if total is iciuIlKa^ 
more rtnnarkahlc by traversing that part of the Earth -whioh is , 
nearest to Ijjio Moon at the lime. It is worthy of notico, 
however, that an annular eclipse, if its importance Is nie.ismot 


the arc h , ii,, ot., , such that ir, and m,, arc each equal l.o I le *’1'“''' " 

1 raversed by the Moon in the c.woss of half an eelip.se-sea.son over liii 

aluniitlon. • ,i:„„ 

Now the places of the points &e., will vary slight y, aetoi ^ 

to the Icnglli of the lunar iiionlli, the position of tho Moon .at non o 
full with refoi-cnco to her porigeo and apogee, and so on ; ami par- 
ticular it is to bo noted that the Umiting positioh.s of vh and ot„, as u 
and are such that i/i, may ho between m., and M.„ bd.wocu 
and M... ‘lint taking them as at present placed, ancl proceoanig ronn 
the orbit from m, towards jt„, &o., wo have tho following relations . 

If at tho middlo of tho eel ipse- season the Moon is botwoon M, ant n.,» 
there will bo one eontral solar oclipso during the season; ’f 
)!., and •«,„ there will be one central solar eclipse and one partial In < 

eclipse; if between "T ““T / m U Z 

and one total lunar oclipso; if between and %, I let . wi o 
partial solar eclipse and one total lunar one; if botwoeu «.i 
Ibeiv will be two partial solar eclipses and one tobil 
bclwomi m, and there will bo one partial solar ecjjp.so am m.e total 
lunar one; if between and there ?vill be one '' f 

a,id«it total lunar one; if botweeu and there - “ 

eontral solar eclipse and one partial lunar one; and, lastly, ^oo 

i.s between and Mi, there will be during the echpso-soason 

''aithi-rSbo one solar eclipse if tho Moon is on the iwc 
a.t the miikllo of tho eclipso-soason, a solar and 

Moon is on cither arc or and “ P* 

lunar one if tho Moon is on the m-c m,. Tho dimons ou^s M tin ^c, 

n.rcs imlicato tho probability that an eclipse-season will me udo o o tw o 

Of tlii-eo odipsos. Only when tlxe Moon falls on eitlioi ol the Jir. 

; ~ -4 “ •»- ”Tt. .f ; » S” 

one ; 'this combinatiou is, therefore, very mfrcciuent nmm 

qnont is tlie oecmTcnco of a partial solar and a paitial , _ I - 

same eclipse-season; for this eim only happen when .q is for hm 
time bctweoiifOTi and M.„ », between n, and M,. 
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])y the breadth of the ring wlicii the Sun ia ctnitrally (uhipsed, 
ifi allhctcd in a contrary manner wlien the Hlla(lo^^^ ol th(‘ M<j()n 
falls near the centre of the Earth’s disc ; for that [>oiiit, being 
nearest to the Moon, the Moon appeal’s rclativtdy Iarg<'r iIkuh', 
and the annulus therefore rela, lively narrower. 1 1 is (ni(‘ this 
part of the Earth is nearest also to the Smi, l)ut» his apparent, 
magnitude is little affected, whereas the Moon's (owing to her 
relative proximity) is ^ippreciably enlarged. 

^Ye may thus sum uj) the general chjira('t.eristi('s and 
rchitions of our eclipse-seasons, the note on iIkj pn‘e('<ling' 
paragraph supplying the details on which tlui ri'siilts are 
founded : — 

o The most common of all orders of eedipso-seasons are those 
in which two eclipses take place. Of these oini of eoiir.se is 
solar, the other lunar, and most commonly the solar eelips*' 
is central, the lunar one partial, but in a considerable, propor- 
tion of cases the solar eclipse is partial and the lunar tine 
totid. Very seldom does a total lunar eelii)si* accompany a 
central solar one, and yet more seldom an‘ bot.h jiart/ial. Ishixt 
ih order of frecpiency to the seasons of two eedipses art^ tin 
scasomoofbut one eclipse, always a central S(dar omn I.astly 
come the seasons in wdiieh there are three eclips(‘s, which an 
always — in order — a partial solar eclipse, a total lunar (icdipsc 
and again a partial solar eclipse.'^ 

^ Erom flic preceding note it follows that the average o 

the several orders of eclipses — omitting the ease of two ])ai’lial tH-lipsef 
as of such infrequent occurroncc — are fairly prcsciilod in die folhnvin' 
table, in which the letters refer to tig. 104 : — 

'' lOlKtiUIWOV rUOroUTIONAI. ’I'O 

Clas.s 1. Throe eclipses, partial Duytinr itnmf inn. 

^ sola'**, total lunar, and partial 

solal* . . . . circ w., . . alKtnlM.( 

Class II. One central solar 

eclipse . . . . . . ,, 

- Class ill. One solar and one 

lunar (‘.dipso . . . „ + aremo, ,, 17 

Suhdivi.sioiis: — 

Solar central, lunar partial „ w., s- ,, v/o W;, ,, 10* 

^ Solar partial, lunar total ^ + ,, v/, n.^ ,, d!', 

^ Solar central, lunar total . „ '?ni + ,, w, ,, 1/, 
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Now, with regard to the succession of these eclipse-seasons, 
it needs only to he noted that three seasons in which there are 
three eclipses never occur in succession. 

Wo can now easily determine the greatest and least immher 
of eolipses which may occur in any single year. The average 
interval between successive eclipse-seasons is 173’S days. 
Two such intervfds amount together to SdC'C days, or lall 
short of a year by about 19 days. Hence Aere cannot be 
throe eclipse-seasons in a year. For each eclipse- season lasts 
on the average 33 days. Now suppose an eclipse-season to 
bo'^iu with the heginniug of a year of 3CG days. The nndche 
of°thc season occurs at about midday on January 17,; the 
middle of the ne.xt eclipso-scason 173'3 days later, or on t e, 
evoning of July 8 ; and the middle of the third occurs yet 
173-3 days later, or on December 29, early in the forenoon; 
so that nearly the whole of the remaining half belongs to the 
following year. Now this is clearly a favourable case for the 
occurrence of as many eclip.ses as possible dunng the year. I 
all three seasons could bo of the class containing three eclipses 
there would be eight eolipses in the year, because the second 
eclipse of the third season wottld occur in the middle that 
season. This, however, can never happen. But “there may 
be two seasons, each containing three eclipses, followed hy_ a 
season containing two eclipses, only one of which can occm in 
dm ihignient of Ac eclipse-season faAng wiAin-the same yean 
In tl**casc there would he seven echpses in the ^ 

there would he seven if in the first season there were three, m 
the second two, and in the third three, for then the fragment o 
the third falling within the year, S 

half, would comprise two eclipses. So a so ^olifises 

sivc seasons comprise severally two, three, and J ^ ^ 

The same would clearly hapF-n ^ ^be year closed wiA 

the close of an eclipse-season. vpar in 

There may then be as many as ^e'^en eclipses i y , 
which case It least four eclipses will be solar, and a least 
three of these partial, while of the lunar ec ipses , 

■will be total. •• 


As regards tlie least possible number of eclipses, it is ob- 
vious that, as there must be two eclipse-seasons in tlic year, 
and at least one eclipse in each, we cannot have less than two 
eclipses in the course of a year. In this case each eclipse i« 
solar and central. 

As regards intermediate cases, w'e need make no special 
inquiry. Many combinations are possible.^ The inosf, common 
case is that in which there are four eclipses — two solar and two 
lunar. Further, it may be noticed that, whatever the numbei’ 
of eclipses, from two to seven inclusive, there must always be 
two solar eclipses at least in each year. 

Aiid now w« may turn from the particular mode of con • 
, sidering eclipses, which we have thus far followed. Tlun-e is 
another by which we might have arrived at similar results 
almost as readily. We might, instead of viewing the Earth 
and Moon in imagination from the Sun, have traced the course 
of the Sun and Moon ai-ound the heavens. Both methods oi“ 
dealing with eclipses are employed astronomers, the 
method used in the preceding pages corresponding to what is 
^termed the method of projection, the other to the method of 
direct»calculation from the celestial ordinates of the Sun and 
Moon. For our present purpose, however, one method is all 
that need be considered.* 

And now, before closing this essay, I will consider in the 
usual manned the natures of the Moon’s shadow-cone in solar 
eclipses, and of the Earth’s shadow-cone in lunar eclipses. 

Eclipses of both sorts may be regarded as illustrated together 
in fig. 105. Here e is the Earth, and the Moon is shown in two 

^ In tlio Foptilar Science Heviev) for July 1868 I Iiavo exhibitod t 
lino of reasoning by which the results deduced above can bo obi ai nod 
by considering the apparent inotio^js of tlie Moon and Sun around tJio 
celestial vault. By the artifice of regarding those motions as taking 
place on a spliere which can be viewed from witlmut, and shifted or 
rotated so as to illustrate the various relations dealt with, the wliulo 
subject may ho very conveniently discussed. The student of ast ronomy 
does well to examine all such questions by as many independent mctliods 
af^possiblc; but in the present treatise there is not space for a cumplcte 
investigation of the theory of eclipses on the second plan. 
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places, Jit M, clircclly between tlic Earth and Sun, and at the 

point oppositi^ -M, in the lieurt ofllic Earth’s sliadow-cone. The 
true geometrical sliadows of tlie Earth and hloon arc shown 
black, the true geometrical pcimmbrte arc shaded. It must be 
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xinderstood, however, that the vertical dimensions have had 
to be exaggerated ; the angle at c ought properly to contain 
bnit about half a degree. Such an angle could not be conve- 
niently employed in illustrating our subject. 

c e and c e' produced touch the Sun’s globe ; so also do the* 
boundaries of tlie Moon’s black shadow. The boundaries m e 
and me' touch the Sun’s globe after crossing:, so also do the 
boundaries of the Moon’s penumbra. 

The distance E c is variable, being as great as 870,300 
miles when the Earih is in aphelion, and as small as 843,300 
miles when the Earth is in perihelion. The Moon s orbit 
round the Earth has a mean radius of 238,770 miles. Thus 
tlie Earth’s shadow extends about three and a half tibies as 
far from the Earth as the Moon’s oiiht. 

Fig. 106. 


Fm. 107. 



Ilhistratiiig the Theory of Eclipses. 


The end of the Moon’s shadow is represented on ajarger 
scale (and without the penumbraj in figs. lOG and 10/. In 
fig. 106 the shadow’s extreme point c does not reach the 
Earth; in fig 107 it passes farTieyond the Earth. The two 



figures represent the extreme possible range of the shadow- 
point either way. In fig. 106 there is shown beyond c a 
s>liaded anti-cone. Prom any point within this the Sun will 
"be annular ly eclipsed. Thus the section at a a' includes that 
part of the Earth whence at the moment an annular eclipse of 
the Sun is ■visible.^ On the other hand, the section u u' in fig. 
107 includes the part of the Earth whence^thc Sun is totally 
eclipsed. It is important to notice that the greate.st possible 
"width of u u' is about 173 miles.f 

Now in fig. 105 the points in m m' ni' may he supposed to 
lie on the Moon’s orbit seen in piano. If we suppose this 
orbit #not to li« in the plane of the paper, but tilted at 

angle of 5° (or rather to an angle as innch larger than 
5^ as the shadow-angle at c is increased beyond its 
true value of half a minute), then by conceiving the whole 
figure turned about c M, until the Moon’s orbit is seen 
sideways, this orbit, according to the direction in which the 
tilt existed, would exhibit a shape reseiftbling one of those 
shown in fig. 98 (only more open on account of the exaggera- 
tkm of the tilt. And, further, if v/e could watch from such a 
stand p(^nt — that is (obviously) a standpoint towards which 
or from wiiich the Earth was travelling — during a period of 
about 34G days, we should see the Moon’s orbit passing in 

^ It is obvious that the Sun will seom to be anuularly oclipsod from 
any point thin "^this cmti-co1te\ for lines drawn from any such point 
to the circle on the Moon in which the shadow-cone begins will ferm a 
cone (right or oblique) which, beyond the Moon, will he wholly within 
the extension of the shadow-cone's geometrical surface. Hence a 
portion of the Sun’s globe must lie outside and around this inner cone. 
Tliis portion will be visible, therefore, from the vertex of this inner cone 
(the joint within c a of) as a ring of light, whose boumhirios will be 
concentric w eccentric according as Ji^ie inner cone is right or oblique — 
in other words, according as its vertex lies or noton the axis of tho 
shadow-cone produced. 

t The extreme limits of central solar eclipses result when, first, the 
Sun’s diameter has its greatest value, 32' 3G"-4, and the Moon’s its least, 
29' 21"‘9, in which case a ring of light 1' 37"'2 wide remains; and, 
socradly, when the Sun’s diameter has its least and tho Moon’s its 
greatest value, in which case the Moon’s disc overlaps the Sun’s by 
and the Sun continues for several minutes totally oijiipsed.' 



eclitses. 


M9 


orderly succession tliongli all snch plunses as are exhibited in 

^^Not, clearly, since for a Innax eclipse to cccnr the Moon 
must enter the cone m' c »«' opposite m, while ior the oconrren ^ 
of a solar eclipse the Moon must enter this cone opposite^ , 
hmar eclipses must on the whole be less numerous than total ^ 
ones for the cone -s appreciably narrower opposite 

■I ' T* is however, also obvious, that when the Moon 
iT"i‘n°Ihe Earth’s shadow she is eclipsed as viewed from a 
.vholo honiisphere of the Earth, whereas when the Moon casts 
n shadow on the Earth the Sun is only eclipsed as viewed 
of the Earth which are traversed hy that siiado^v. 
S: :: h of rtl i-ogions falls very far short^ of half the, 
Sntlf; surface. Honce solar eclipses are less frequent at any 

“"ZluTwX 

■ 1 .1 (1 more lurar eclipses than solar ones occur m any 

arc tncludco, mo 0 lui ir ec^ 

long poiioc 0 11 ’ j 0 m' opposite 

cone opposite w IS gxoutcr tiu the verte.v of the 

f’ nttcrriir^n than that Mthc latter, ancl,there- 

rt LXTaiud«oftheformerconeisthegrerter. _ 

coTveideiit to notice in conclusion, that in ev^^mod 
of 21 fiOO huiations there are on the avera^, , 

r r’ and 2 014 lunar eclipses, not counting pMinmbral ones. 

eclipses and 2,0 U rises to 

\];?rt tl there are (on the average) 6,080 lunar and 
4,2.>1. in all uic v lunations, the 

. .r a.. 

^vill vary ia the Moon’s real shadow has its 

.elipso. It Wh the Sun is in aphelion, the Moon 

gi-catost the. zenith as they can be compatibly 

iu pcnliohoii, and bo . the penumbra forms 

Avith thobo. con(iUion&). At fc Moon’s diameter 

^-;rrt S4S miles. The 

ViSSLo then in^hadow is easily shown to he abort 
rS^tSSrholosnrtaecoftheEaidfo 
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THU jSU^Y. 


Table I. 


Principal Elements cf the Hun. 


Equatorial horizontal parallax at mean distaiua^ iVoni f 

he 

Earth 


Eiameter in miles ....... 


Diameter (Earth’s as 1) , 

los 

Volume (Earth’s as 1) 

1 

Mass (Earth’s as 1) . . . . • 

;i IS. 00(1 

Density (Earth’s as 1) 


Density (Water’s as 1) 

* \'\l 

Surface (Earth’s as 1) . 

ll.d.hi 

Gravity at surface (Earth’s as 1) .... 

If 7 ■ 1 

Eali of bodies in feet in one second .... 

■Ills-;; 

Greatest apparent diameter viewed from the Earth . 

. D'j' 

Mean „ 

o'l' 1 

Least • . :: 

111' 

Jjinear value of .V' at mean distance from Eartli 

'ir>() niih'N. 

The elements of the HuEs rotation are given in Chapter 1\ 

L>1 1. 


Table II. 

For determining the effect of changes in the value of the. Sun's e^iuator'od 
horizontal i)araUax {id his mean distance) on the estimated 'mean 
distance. • 


Parallax 
• (in secunds) 

lloan Distance 
(in miles) 

Diil'creiice for ()''•() 1 
(in mild.s) 

S’O * 

102.173,020 

• 

8*1 

100.911,600 

126,142 

8-2 

99,680,990 

123,061 

8-3 

98,480,020 

120,097 

8-4 

^ 97,307,620 

117,240 

8-0 . 

96,lti2,840 

114,478 

8'G 

95,044,640 

111,820 * 

87 

93,952,200 

109,244 ! 

8-S 

92,884,540 

10fi,7(i0 

8-9 

91.840,920 

104,362 j 

. 9-0 

90,820,470 

102,0-15 

9-1 

89,822,420 

99,805 1 

9*2 

88,846,100 

97,632 

• 9-3 ; 

87,890,780 

95,532 

9-4 

86 955,74(f 

93,504 

a f5 

86,040,440 

91,530 

9-0 

85,144,200 

89,624 

97 

84,266,400 

87780 

9-8 

83,406,540 

85,986 

9-9 

82,564,060 

84,248 

1 ^ 10-0 

81,738,420 



82,564 
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